University of Kentucky

UKnowledge
Theses and Dissertations--Plant and Soil
Sciences

Plant and Soil Sciences

2020

THE BALANCING ACT OF CYTOKININ IN ENVIRONMENTAL
STRESS TOLERANCE
Sumudu Sandeepani Karunadasa
University of Kentucky, karunadasasumudu@gmail.com
Author ORCID Identifier:

https://orcid.org/0000-0003-0993-3950

Digital Object Identifier: https://doi.org/10.13023/etd.2020.445

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Recommended Citation
Karunadasa, Sumudu Sandeepani, "THE BALANCING ACT OF CYTOKININ IN ENVIRONMENTAL STRESS
TOLERANCE" (2020). Theses and Dissertations--Plant and Soil Sciences. 138.
https://uknowledge.uky.edu/pss_etds/138

This Doctoral Dissertation is brought to you for free and open access by the Plant and Soil Sciences at
UKnowledge. It has been accepted for inclusion in Theses and Dissertations--Plant and Soil Sciences by an
authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.

STUDENT AGREEMENT:
I represent that my thesis or dissertation and abstract are my original work. Proper attribution
has been given to all outside sources. I understand that I am solely responsible for obtaining
any needed copyright permissions. I have obtained needed written permission statement(s)
from the owner(s) of each third-party copyrighted matter to be included in my work, allowing
electronic distribution (if such use is not permitted by the fair use doctrine) which will be
submitted to UKnowledge as Additional File.
I hereby grant to The University of Kentucky and its agents the irrevocable, non-exclusive, and
royalty-free license to archive and make accessible my work in whole or in part in all forms of
media, now or hereafter known. I agree that the document mentioned above may be made
available immediately for worldwide access unless an embargo applies.
I retain all other ownership rights to the copyright of my work. I also retain the right to use in
future works (such as articles or books) all or part of my work. I understand that I am free to
register the copyright to my work.
REVIEW, APPROVAL AND ACCEPTANCE
The document mentioned above has been reviewed and accepted by the student’s advisor, on
behalf of the advisory committee, and by the Director of Graduate Studies (DGS), on behalf of
the program; we verify that this is the final, approved version of the student’s thesis including all
changes required by the advisory committee. The undersigned agree to abide by the statements
above.
Sumudu Sandeepani Karunadasa, Student
Dr. Jan Smalle, Major Professor
Dr. Mark Coyne, Director of Graduate Studies

THE BALANCING ACT OF
CYTOKININ
IN ENVIRONMENTAL STRESS TOLERANCE

________________________________________
DISSERTATION
________________________________________
A dissertation submitted in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the
College of Agriculture, Food and Environment
at the University of Kentucky

By
Sumudu Sandeepani Karunadasa
Lexington, Kentucky
Director: Dr. Jan Smalle, Professor of Plant and Soil Sciences
Lexington, Kentucky
2020

Copyright © Sumudu Sandeepani Karunadasa 2020
https://orcid.org/0000-0003-0993-3950

ABSTRACT OF DISSERTATION

THE BALANCING ACT OF
CYTOKININ
IN ENVIRONMENTAL STRESS TOLERANCE

Cytokinin, long known as a phytohormone that regulates plant growth and
development, has been recently recognized as an important regulator of stress responses.
However, our current knowledge about the mechanisms by which cytokinin regulates stress
responses is fragmentary, as many of the studies in this field yielded conflicting results.
Most of the work described here has focused on analyses of the molecular mechanisms of
cytokinin-dependent regulation of growth and development under stress conditions, with
an emphasis on the role of cytokinin-dependent regulation of protein synthesis in
development and stress tolerance.
One of the important contributions of this study is the finding that cytokinindependent induction of protein synthesis requires both the canonical cytokinin signaling
pathway and isoforms RPL4A and RPL4D of the RIBOSOMAL PROTEIN L4. Further
analyses investigated the role of the cytokinin-dependent increase in protein synthesis in
stress responses, and this research underlined the importance of balanced regulation of
cytokinin-induced protein synthesis. For example, Arabidopsis lines in which cytokinin
action is increased have increased protein synthesis but are growth-retarded and have
decreased osmotic stress tolerance. Both the osmotic stress hypersensitivity and plant
growth retardation of these cytokinin gain-of-function lines can be reversed to the wildtype level by lowering their protein synthesis levels. These cytokinin gain-of-function
lines, on the other hand, are more tolerant to heat and oxidative stress, indicating that
optimal cytokinin action represents a balancing act in maintaining tolerance levels to a
range of abiotic stresses.
KEYWORDS: cytokinin, protein synthesis, ribosomal proteins, osmotic stress, heat
stress, oxidative stress
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CHAPTER 1. REVIEW OF LITERATURE

1.1 Cytokinins
Cytokinins are a major group of plant growth regulators. The first cytokinin species
was discovered in 1955 and was named kinetin because it promoted cell division [1]. In
1973, the second cytokinin species was isolated from Zea mays, named zeatin, and shown
to exist as a trans and cis isomer [2, 3]. Further research uncovered other molecules with
cytokinin activity, and showed that N6-(Δ2-isopentenyl)adenine (iP) and trans-zeatin (tZ)
are the most abundant cytokinins in most plants [4]. In plant cells, cytokinins are present
at nanomolar levels, with the actual concentration varying between organs and
developmental stage [5]. For example, cytokinins were found to be abundant in developing
tissues like the cambium, root tips, and shoot apexes [5].
Although cytokinins were originally described as a hormone group that triggers cell
division and proliferation, it is now known that cytokinins regulate many aspects of plant
development, including the modulation of root and shoot meristem activity, leaf
senescence, vascular cambial development, shoot apical dominance, nodule formation and
root architecture [6-11].
1.1.1 Biosynthesis and metabolism of cytokinins
Biosynthesis of cytokinins is catalyzed by three main enzymes: ADENOSINEPHOSPHATE ISOPENTENYL TRANSFERASE

(IPT),

CYTOCHROME

P450

MONOOXYGENASE 735A (CYP735A), and cytokinin-specific phosphoribohydrolase
LONELY GUY (LOG) [12]. In Arabidopsis (Arabidopsis thaliana), there are seven IPT
1

genes (IPT1 and IPT3–IPT8), two CYP735A genes (CYP735A1 and CYP735A2) and seven
functional LOG genes (LOG1–LOG5, LOG7 and LOG8) [13].
The biosynthesis of cytokinins starts with the addition of a prenyl group derived
from DMAPP (dimethylallyl diphosphate) to the N6 position of ATP or ADP. This first
and rate-limiting step in cytokinin biosynthesis is catalyzed by IPT and leads to the
synthesis of iP ribonucleotides [14]. The iP ribonucleotides are then hydrolyzed by
CYP735A to form tZ ribotides [15]. Finally, LOG converts iPRMP and tZ-riboside 5’monophosphate (tZRMP) to their respective active forms iP and tZ [16]. During different
developmental stages of plants, LOG genes are expressed differentially in a tissue-specific
manner, thus regulating cytokinin content and cytokinin-controlled developmental
programs. For example, the expression of LOG genes in shoot apical meristems plays an
essential role in modulating meristem development and activity [17].
IPT

DMAPP

+

CYP735A

ATP

iPRTP

ADP

iPRDP

tZRDP

AMP

iPRM
P

tZRM
P

tZRTP

LOG
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2

tZ

Figure 1. 1: Schematic diagram of the iP and tZ biosynthesis pathways in Arabidopsis.
Broad arrows denote the preferential utilization of compounds. DMAPP: dimethylallyl
diphosphate, ATP: adenosine triphosphate, ADP: adenosine diphosphate, AMP: adenosine
monophosphate, iPRTP: iP-riboside 5’-triphosphate, iPRDP: iP-riboside 5’-diphosphate,
iPRMP: iP-riboside 5’-monophosphate, tZRTP: tZ-riboside 5’-triphosphate, tZRDP: tZriboside 5’-diphosphate, tZRMP: tZ-riboside 5’-monophosphate, tZ: trans-zeatin, iP: N6(Δ2-isopentenyl)adenine,
IPT:
ADENOSINE-PHOSPHATE
ISOPENTENYLTRANSFERASE,
CYP735A:
CYTOCHROME
P450
MONOOXYGENASE 735A, LOG: LONELY GUY.

1.1.2 Cytokinin transport
Cytokinins, which are produced in different cell types in both shoots and roots [4],
regulate developmental processes both locally and remotely [18]. Three types of
transmembrane transporters are involved in the local transport of cytokinins: Purine
Permeases (PUPs; [19]), Equilibrative Nucleoside Transporters (ENTs; [20]), and ATPBinding Cassette Transporter G subfamily members (ABCG14; [21]). Both PUPs and
ENTs are influx carriers that function in transporting cytokinin nucleobases and
nucleosides [18]. ABCG14 acts as an efflux pump that functions in acropetal translocation
of cytokinins synthesized in roots [18].
Long-distance transport of cytokinins occurs both acropetally and basipetally [18].
tZ and iP are the active cytokinins that are known to be transported throughout the plant
body. The tZ-type cytokinins are mainly synthesized in roots and are known to be
transported from roots to shoots via the xylem, whereas the iP-type cytokinins are mainly
synthesized in the shoots out of which they are translocated via the phloem [22, 23]. iPtype cytokinins serve as a signal for nodule formation and are also known to regulate the
root architecture by vascular patterning and regulating polar auxin transport [10, 24].
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1.1.3 Perception of cytokinin and signal transduction
Cytokinins regulate plant growth and developmental processes by regulating gene
expression via a signaling mechanism. This signaling mechanism consists of a twocomponent system (TCS), which is similar to bacterial two-component systems [25, 26].
A TCS typically consists of a sensory histidine kinase and a response regulator [25, 26].
In Arabidopsis (Arabidopsis thaliana), cytokinins are perceived by three histidine
kinase (HK) receptors: AHK2, AHK3, and AHK4/WOL1/CRE1 [27]. Cytokinin receptors
have been found in both the cell membrane and the endoplasmic reticulum membrane [28].
These AHK proteins have three functional domains: a CHASE, a histidine kinase, and a
receiver domain. Cytokinin binding occurs at the CHASE domain, and this induces
autophosphorylation of a His residue in its histidine kinase domain. The phosphoryl group
is then transferred to a specific Asp residue within the receiver domain. Cytokinins
differentially regulate the expression of these receptor genes throughout the life cycle of
Arabidopsis and this is correlated with light conditions to some extent [29].
From the receiver domain of receptors, the phosphoryl group is then transferred to
ARABIDOPSIS PHOSPHOTRANSFER PROTEINS (AHPs) [12]. AHPs are expressed
ubiquitously in plants, and their transcription is not affected by cytokinin treatment [30].
The Arabidopsis genome encodes six AHP proteins, five of which are phosphoryl group
acceptors in the signal transduction chain, whereas AHP6 lacks the conserved His residue
and acts as an inhibitor of cytokinin signaling by interfering with the phosphorelay
machinery [31].
The AHPs are translocated between the cytoplasm and nucleus, relaying the
phosphoryl group to ARABIDOPSIS RESPONSE REGULATORS (ARRs), the next
4

components in cytokinin signaling. There are 23 ARRs that belong to three groups; typeA, type-B, and type-C, with the latter not involved in cytokinin signaling [32]. Type-B
ARRs contain a N-terminal receiver domain and a C-terminal Myb-like DNA binding
domain [33]. Upon their phosphorylation, type-B ARRs bind to the promoters of the
cytokinin responsive genes and regulate gene expression either positively or negatively.
The Arabidopsis genome encodes eleven type-B ARR genes: ARR1-2, ARR10-14 and
ARR18-21 [32]. The type-B ARR genes are not cytokinin-regulated but show a high degree
of tissue and organ specificity of expression, which suggests fine-tuning of tissue-specific
cytokinin responses. [34]. The type-A ARR family includes ten genes: ARR3-9 and ARR1517 [32]. Type-A ARR genes are primary cytokinin responsive genes, and their expression
is rapidly induced by activated type-B ARRs [35, 36]. The type-A ARRs contain only a
receiver domain [13]. Phosphorylation of type-A ARRs increases their stability, and they
act negatively on cytokinin signaling, thereby regulating the intensity and duration of the
cytokinin response [37].
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Cytokinin

ARABIDOPSIS HISTIDINE KINASES (AHKs)

ARABIDOPSIS HISTIDINE PHOSPHOTRANSFERASES (AHPS)

Type-B ARRs

Type-A ARRs

Type-A ARR genes

Cytokinin responsive genes

Figure 1. 2: Schematic diagram of cytokinin signaling pathway in Arabidopsis
(Arabidopsis thaliana). AHKs: ARABIDOPSIS HISTIDINE KINASES, AHPs:
ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEINS, type-B ARR: type-B
ARABIDOPSIS RESPONSE REGULATORS, type-A ARRs: type-A ARABIDOPSIS
RESPONSE REGULATORS.

1.2 Cytokinin responses
Cytokinins regulate many processes at the organismal and cellular levels, including
cell division, apical dominance, shoot initiation and growth, leaf senescence, sink/source
relationships, nutrient uptake, phyllotaxis, and vascular development [6, 8-11, 13].
Proteomic, transcriptomic and metabolomic studies are important in elucidating the
function of this phytohormone in plants. Despite the importance of cytokinins for plant
growth and development, there are currently no published integrated transcriptomics,
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proteomics and metabolomics analyses. Transcriptomic analyses of the cytokinin response
were performed the most, followed by proteomics analyses.
1.2.1 The cytokinin-regulated transcriptome
Although type-B response regulators are the most analyzed transcription factors
that affect the expression levels of the cytokinin response genes, there are other
transcription factor families that mediate the cytokinin response [12]. These families
include a subfamily of the ERF/AP2 transcription factors known as CYTOKININ
RESPONSE FACTORS (CRFs) [38], members of the GeBP (GL1 ENHANCER
BINDING PROTEIN) transcription factor family [39], and GATA22 [40].
Like all hormones, cytokinins first affect the expression of immediate early
response genes. After fast and transient expression of early response genes, the expression
levels of late response genes are changed. This sequential gene regulation is also subjected
to organ-specific and developmental controls. Therefore, it is not surprising that different
analysis protocols used in transcriptomic studies led to different results [38, 41-45].
Nevertheless, these analyses led to the identification of a set of genes that are in common
to most of the published studies, some of which are listed in Table 1.
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Table 1. A selection of cytokinin-responsive genes from various publications. The
publications are coded by letters: A, Rashotte et al., 2003 [41]; B, Brenner et al., 2005 [42];
C, Kiba et al., 2005 [43]; D, Rashotte et al., 2006 [38]; E, Taniguchi et al., 2007 [44]; F,
Argyros et al., 2008 [45]. AGI, unique gene identifier assigned to Arabidopsis thaliana
genes by TAIR.
Root
BA treatment

AGI

Name

15
min

2 hr

18 hr

no

no

up

no

up

up

At4g29740

up

up

no

At1g19050

up

up

no

At2g40670

no

up

no

At2g01830

no

up

no

At1g10470

no

up

up

At2g38750

no

no

no

no

up

At2g20520

no

up

up

At2g35980

no

no

up

At4g10120

no

no

up

At4g27410

no

up

no

At1g13420

no

up

up

At3g50300

no

up

up

At3g57010

no

up

no

At5g42590

up

up

up

At5g51440
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no

no

At1g75820

no

no

no

At5g57090

no
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no

At5g62920

no

no

up

At3g61630

no

up

up

At2g40230 transferase family protein

At1g69530 expansin At-EXP1

down At5g64620

cytokinin oxidase CKX4
type-A response regulator
ARR7
type-A response regulator
ARR16
histidine kinase
(CRE1/AHK4)
type-A response regulator
ARR4
annexin
invertase/pectin
methylesterase inhibitor
family protein
fasciclin-like
arabinogalactan protein
FLA6
harpin-induced family
protein YLS9
sucrose-phosphate
synthase, putative
no apical meristem (NAM)
family protein RD26
sulfotransferase family
protein
transferase family protein
strictosidine synthase
family protein
cytochrome P450
CYP71A16
mitochondrial small heat
shock protein HSP23.5-M
CLAVATA1 receptor
kinase (CLV1)
auxin transport protein
(EIR1)
type-A response regulator
ARR6
ERF/AP2 member (CRF6)
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cytochrome P450,
At1g67110 cytokinin hydroxylase
(CYP735A2)
disease resistance protein
At4g16990
TIR-NBS-LRR class
9-cis-epoxycarotenoid
At4g19170
dioxygenase
At1g17190 glutathione S-transferase
At5g47980 transferase family protein
A-type cyclin dependent
At3g48750
kinase
At3g62930 glutaredoxin family protein
At3g21670 nitrate transporter NTP3
ERF/AP2 subfamily B-5
At5g53290
member (CRF3)

ACE
F

no

no

no

AF

no

no

no

AF

no

no

no

CF
CF

no
no

no
no

no
no

AE

up

up

no

CE
CF

no
up

no
up

no
up

D

up

up

up

Brenner and Thomas Schmülling (2012) found that 1450 Arabidopsis genes are
regulated either short term or long term in response to cytokinin treatment [46]. The early
cytokinin-responsive gene set included 71 up-regulated genes and 11 down-regulated
genes. Among the up-regulated genes there was an overrepresentation of genes encoding
transcriptional regulators, and genes involved in developmental processes and in secondary
metabolism. Transcripts that are up regulated as part of the late cytokinin transcriptional
response belong to the functional categories of signal transduction, transcriptional control,
stress/defense/detoxification, carbohydrate catabolism, plant hormonal regulation,
photosynthesis, energy metabolism, cofactor, vitamin and prosthetic group metabolism
[42]. Most of the transcription factors that are up regulated as part of the early cytokinin
transcriptional response become down-regulated later on and a different set of transcription
factor transcripts are overrepresented in the late response.
Cytokinin regulated genes associated with signal transduction include kinases and
phosphatases, supporting the idea of cytokinin governing protein activities through
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phosphorylation status. Furthermore, cytokinins regulate genes that represent proteins
associated with cellular Ca2+ levels which is important for other signaling pathways [42].
Changes in transcript levels that are related to other hormones have also been reported in
late cytokinin response studies. These hormones include auxin, ethylene, gibberellin,
abscisic acid, jasmonate and salicylic acid [42]. Apart from this, extensive modulation of
transcripts associated with metabolism and transport can be seen in the delayed cytokinin
response. This includes genes involved in glycolysis, the TCA cycle, chloroplast
biogenesis, the Calvin cycle and photorespiration, sugar metabolism and transport and
nitrogen metabolism and transport [42].
Although CYTOKININ RESPONSE FACTORS (CRFs) are a known subclass of
transcription factors of the ERF/AP2 family that are known to be induced by cytokinins,
other members in different ERF/AP2 family subclasses were also found to be regulated by
cytokinins. Eight members in other subclades; At5g07580, At1g77640, At5g1600,
At1g28370, At3g15210, At5g51190, At5g47220, At2g44840 showed a strong down
regulation of transcript levels in response to cytokinin treatment [46]. Among the 474
ribosomal proteins encoded by Arabidopsis genome, cytokinin affects the transcription of
at least 87 ribosomal genes (Gene ontology database). Mutations in ribosomal genes affect
embryogenesis, root growth and leaf development showing the importance of functional
ribosomal proteins on the synthesis and regulation of developmentally important proteins.
1.2.2 Changes in proteome composition induced by cytokinins
A proteomic analysis of the early cytokinin response in seven-day-old Arabidopsis
seedlings treated for 15 minutes with 5 µM of the cytokinins; BA, iP, thidiazuron (TDZ),
or tZ, revealed many proteins whose abundances were changed in response to these short
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treatments [47]. The largest portion of cytokinin-regulated proteins were chloroplastic,
followed by cytoplasmic and nuclear proteins. However, this ranking may reflect the high
abundance of chloroplastic proteins many of which can be easily detected. Some of the
proteins that were found to be more abundant after cytokinin treatment are: CELL
DIVISION PROTEASE FTSH HOMOLOG 2 (chloroplastic), ATP SYNTHASE
SUBUNIT α (chloroplastic), FERREDOXIN-NADP REDUCTASE (chloroplastic),
RUBISCO LARGE CHAIN, RUBISCO ACTIVASE ENZYME (chloroplastic),
GLUTATHIONE

S-TRANSFERASE

PM24,

and

FRUCTOSE-BISPHOSPHATE

ALDOLASE [47]. Some of the proteins that were less abundant after cytokinin treatment
are: 50S RIBOSOMAL PROTEIN L12-1, CHLOROPHYLL A/B-BINDING PROTEIN
165/180 (CAB2/3), PHOSPHORIBULOKINASE PROTEINS, PHOTOSYSTEM II
TYPE I CHLOROPHYLL A/B-BINDING PROTEIN (LHB1B1), FRUCTOSE-1,6BISPHOSPHATASE, ATP SYNTHASE SUBUNIT β, RUBISCO SMALL CHAIN 2 β,
fSUBUNIT α TYPE-5-B. [47]. These changes in the proteome can be due to the regulatory
effects of cytokinins on protein translation and protein degradation.
Apart from changes in the proteome that occur with the application of cytokinins,
changes in the phosphoproteome have also been observed, indicating that, in addition to
transcription and translation, cytokinin impacts protein activities and functions through
phosphorylation

and

dephosphorylation

[47,

48].

When

cytokinin-responsive

phosphoproteins were classified according to their cellular function, 27% of them represent
proteins involved in development and signaling, 17% are involved in protein synthesis and
another 17% in stress responses, 10% were transcription regulators, 12% are involved in
light responses, 7% in the response to temperature changes and 3% in nitrogen metabolism
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[47]. Cytokinin induced protein phosphorylation mainly affects protein-protein
interactions, enzyme regulation, protein targeting and processes like Ca2+ binding.
Cytokinin induced phosphoproteins are mostly located in chloroplasts followed by the
cytoplasm and mitochondria [47].
In a combined proteomics and metabolomics analysis, Arabidopsis transgenic lines
were used that have either decreased cytokinin content as a result of high-level expression
of barley CYTOKININ OXIDASE/DEHYDROGENASE (CaMV35S>GR>HvCKX2), or
increased cytokinin content caused by the high-level expression of Agrobacterial
ISOPENTENYL TRANSFERASE (CaMV35S>GR>ipt). These analyses revealed 12
proteins whose accumulation was opposite between the two transgenic lines, with nine of
them showing up regulation in the CaMV35S>GR>ipt line and down regulation in the
CaMV35S>GR>HvCKX2 line. This group of nine proteins include four ribosomal proteins;
50S RIBOSOMAL PROTEIN L6, 60S RIBOSOMAL PROTEINS L13a-1 and L5-1 and
60S ACIDIC RIBOSOMAL PROTEIN P0-2 [49]. The 3 remaining proteins that were
down-regulated

in

the

CaMV35S>GR>ipt

line

and

up-regulated

in

the

CaMV35S>GR>HvCKX2 line, included protein DISULPHIDE ISOMERASE-LIKE 1-1,
PEROXIDASE 34, and STEROL CARRIER PROTEIN 2 [49]. Proteins that respond to an
increase or decrease in cytokinin level can be functionally classified into proteins involved
in metabolism, protein synthesis, energy, transport, plastid biogenesis, and proteins
involved in environmental responses and cell defense [49]. The proteins most significantly
enriched by increased cytokinin content are involved in energy housekeeping, protein
synthesis, vitamin metabolism, stress responses, and the synthesis of cofactors and
prosthetic groups.
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Some of the proteins, whose abundances are affected by changes in cytokinin levels
have also been shown to be regulated by other plant hormones [49-51]. For example, 20
proteins that are down regulated by methyl-jasmonate were found to be increased in
response to cytokinin. This set of proteins were found to engage in cytokinin signaling and
metabolism [46].

1.3 The regulatory effect of cytokinins on transcription and translation
In addition to specific effects on gene expression, cytokinins are known to have
global effects on RNA and protein synthesis rates.
1.3.1 The regulatory effect of cytokinin on RNA synthesis
The regulatory effect of cytokinin on RNA and protein synthesis has long been
known [52-57]. The stimulatory effect of cytokinin on RNA synthesis is shown to be
mostly due to its effects on RNA Polymerases, the enzymes catalyzing transcription [58].
Eukaryotes have three RNA Polymerases, each of which transcribes a different set of genes
[59]. RNA Polymerase I transcribes most of the ribosomal RNA (rRNA) genes, RNA
POLYMERASE II transcribes genes encoding proteins (mRNAs), microRNAs (miRNAs),
small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs), and RNA
Polymerase III transcribes transfer RNA (tRNA) genes and 5S rRNA genes [59].
Experiments conducted using different cytokinins and different plant species have
revealed that the stimulatory effect of cytokinins on RNA synthesis predominantly involves
the synthesis of rRNAs by RNA Polymerase I [53, 60, 61]. In the presence of cytokinin,
RNA Polymerase I activity was rapidly induced (in 15-30 minutes) and reached a
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maximum after 4-6 hrs into the treatment [58, 62]. This cytokinin-induced RNA
Polymerase I activity is believed to involve an increase in this enzyme’s polyribonucleotide
elongation rate [62].
Cytokinins also stimulate RNA Polymerase II activity [62]. However, compared to
the effect on RNA Polymerase I, the stimulatory effect of cytokinins on RNA Polymerase
II activity is weaker and slower [62]. Under conditions of protein synthesis inhibition,
cytokinins fail to stimulate the activities of both RNA Polymerase I and RNA Polymerase
II, implying that de novo protein synthesis is required for the stimulatory effect of cytokinin
on these RNA Polymerases [62].

1.3.2 The regulatory effect of cytokinin on protein synthesis
In addition to RNA synthesis, cytokinins were shown to regulate protein synthesis.
The stimulatory effect of cytokinins on protein synthesis has been studied both in vivo and
in vitro. In vitro systems prepared with tobacco pith cells (Nicotiana tabacum) and oneday-old corn shoots (Zea mays) have revealed a 20-30% increase in protein synthesis rate
in the presence of iP [55]. In addition, a 35% increase in protein synthesis has been reported
for a subculture of sterile pith tissue of Nicotiana tabacum in the presence of kinetin [56].
Speculations that cytokinin affects protein synthesis started after the finding that
cytokinins can be detected near the anticodons of some tRNAs [63]. These cytokininconjugated tRNAs have an altered capacity for binding ribosomes [64, 65]. Other studies
revealed that cytokinins directly bind to ribosomes in higher plants [66]. Two cytokinin
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binding sites have been found in ribosomes, one of which is a high-affinity binding site
that saturates from one cytokinin molecule [66, 67].
In addition to the limited number of studies analyzing the direct binding of
cytokinins to tRNA or ribosomes, there is a larger body of literature that shows that
cytokinins can modulate the protein synthesis machinery by altering (1) polyribosome
formation, (2) the synthesis of ribosomal proteins, (3) ribosome number, and the (4)
phosphorylation status of ribosomal proteins [68-71].
Cytokinin effects on polyribosome formation: The regulatory effect of different
cytokinins on polyribosome formation has been confirmed in different plant species [57,
68, 72, 73]. To investigate this cytokinin effect solely at the protein synthesis level, most
of the studies have been conducted in the presence of RNA synthesis inhibitors (e.g.,
actinomycin D and 5-fluorouridine) and they showed that cytokinin-dependent increase in
protein synthesis is due to the recruitment of existing monoribosomes into polyribosomes
and not by increasing the rate of polypeptide elongation or termination [68]. Results of
another study suggested that the effect of cytokinin on polyribosomes could be due to its
stimulatory effect on the rate of translation initiation, which could be the result of
enhancing the affinity of ribosomes for messenger RNA [72].
Cytokinin effects on the synthesis of ribosomal proteins: In addition to these
direct effects on mRNA translation, cytokinins are known to promote protein synthesis
indirectly by promoting the expression of genes that encode components of the protein
synthesis machinery [60, 61, 69]. Ribosomal proteins are important for the assembly and
optimal function of ribosomes. During the assembly of ribosomes, ribosomal proteins
function in folding the ribosomal RNA. They are also involved in the translation process,
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by binding translation factors and maintaining translation fidelity by fine-tuning ribosomal
properties. Recently, some of these ribosomal proteins were found to have extra-ribosomal
functions such as regulatory effects on gene expression, replication, splicing, gene repair
mechanisms, and developmental and aging processes [74]. Among the mRNAs whose
levels are increased by cytokinins, there are a number of transcripts encoding ribosomal
proteins. Cherepneva et al. (2003) reported the stimulatory effect of benzyladenine (BA)
on mRNAs encoding RIBOSOMAL PROTEINS S16, S14 of the small subunit (40S) as
well as L13a and L30 of the large subunit (60S) of cytosolic ribosomes [69]. Crowell et al.
(1990) found that transcripts encoding RIBOSOMAL PROTEINS L30 and L44
accumulate during a 4-hour-long cytokinin treatment in a cytokinin-starved soybean
suspension culture [54]. Gao et al. (1994) showed that transcripts encoding L25 and L34
were induced during a BA treatment of tobacco cell suspension [75].
Cytokinin effects on the phosphorylation status of ribosomal proteins:
Cytokinins are known to cause phosphorylation of ribosomal proteins [47, 71]. Yakoyleva
and Kulaeva showed that cytokinin treatment leads to phosphorylation of RIBOSOMAL
PROTEIN S6 in detached pumpkin cotyledons (Cucurbita pepo) [71]. Similarly, kinetin
and auxin were reported to induce the phosphorylation of RIBOSOMAL PROTEIN S6 and
activation of AtS6k kinase in Arabidopsis cell suspension culture, thus inducing the S6
kinase signal transduction pathway [76]. Although phosphorylation of S6 was known for a
long time, the S6 signal transduction pathway and its effects on cell growth and
proliferation were discovered recently. It is now known that S6 phosphorylation leads to
translational up-regulation of a specific group of mRNAs that contain an oligopyrimidine
tract at their 5’ transcriptional start site (5’ TOP mRNAs). These specific mRNAs encode
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components of the protein synthesis apparatus that are needed in the process of maintaining
high protein synthesis rates to meet the demands of cell growth and proliferation [77].
Cytokinins, protein synthesis, and senescence: Cytokinins are inhibitors of
senescence [78-80]. Studies using detached leaves have shown that cytokinin-mediated
senescence delay is accompanied by maintenance of protein content, while the protein
content of senescing leaves rapidly decreases [81]. Several studies have attempted to
address whether this cytokinin effect is caused by stimulation of protein synthesis or if
suppression of protein degradation is involved. Using leaf discs and radioactively labeled
amino acids to determine protein synthesis rates, it was concluded that cytokinins delay
leaf senescence by promoting protein synthesis [82, 83]. Mizrahi et al., however, showed
that in leaf discs of Tropaeolum majus, cytokinin maintains protein content predominantly
by decreasing the degradation of proteins rather than by maintaining protein synthesis [84].
Supporting this conclusion, other studies showed that kinetin retards the degradation of
proteins during the process of aging [85, 86].

17

1.4 Cytokinins and stress response
Although cytokinins are widely recognized as hormones that regulate plant
developmental processes, recent studies have revealed that this hormone also plays an
important role in plant stress responses [87, 88].

1.4.1 Changes in endogenous cytokinin levels upon environmental stress
In order to assess the role of cytokinin in abiotic stress responses, it is important to
investigate the changes in endogenous cytokinin levels in plants in response to different
environmental stress conditions. In response to drought stress, cytokinins like tZ, zeatin
riboside, iP, and isopentenyl adenosine have been reported to decline in the xylem sap [89].
This overall decline in cytokinin levels has been found in a wide range of plant taxa in
response to different abiotic stress conditions [90-92]. On the other hand, some other
investigations showed an increase in endogenous cytokinin levels, especially in response
to severe stress conditions [89, 91]. Together, these studies revealed a more generalized
pattern on the fluctuation of endogenous cytokinin levels upon stress conditions (Figure
1.3): if stress conditions are low or of moderate intensity, transient induction of cytokinin
is followed by a decline in cytokinin levels, and if the stress conditions are severe, the
initially elevated cytokinin levels remain high and do not return to the baseline [93].
Fluctuations in endogenous cytokinin levels in response to environmental stress severity
shows that it plays a regulatory role in plant stress adaptations.
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Figure 1. 3: Changes in endogenous cytokinin levels in response to stress [93]. A modified
graph from Zwack, Paul J., and Aaron M. Rashotte. "Interactions between cytokinin
signaling and abiotic stress responses." Journal of Experimental Botany 66.16 (2015):
4863-4871.

1.4.2 Cytokinins and drought/osmotic stress
Exogenous application of cytokinins to test plant drought tolerance has led to
different results in different plants [94, 95]. Bean plants (Phaseolus vulgaris) irrigated with
cytokinin before drought stress had increased drought tolerance, but maize (Zea mays) and
sugar beets (Beta vulgaris) pre-treated with cytokinin became more susceptible to drought
[94]. Arabidopsis plants that were pre-incubated with cytokinin were more tolerant to
dehydration than the control [96]. These contradictory results suggest that the role of
cytokinin in drought stress responses is complex and could be species-specific.
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Both mutant and transgenic plant lines with altered cytokinin content have also
been tested for drought stress tolerance [97-100]. Cytokinin overproducing tobacco plants,
which were obtained by transformation with a transgene that contains the coding region of
the Agrobacterial IPT gene driven by a stress-inducible promoter, had increased tolerance
to drought stress [97]. The same result has been obtained from rice (Oryza sativa) and
peanut plants (Arachis hypogaea L.) that were transformed with an IPT overexpression
construct [98, 99]. However, ipt mutant Arabidopsis plants, which have decreased
cytokinin content, were also more tolerant to drought stress [100]. CYTOKININ
OXIDASES/DEHYDROGENASES (CKXs) are enzymes that catalyze the irreversible
degradation of cytokinins [13]. The drought stress tolerance levels of

Arabidopsis

transgenic plants overexpressing CKX, were also increased compared to the control [100].
These results reveal that both increased and decreased cytokinin content promote drought
stress tolerance, implying that the wild type cytokinin content is somehow suboptimal for
how plants respond to drought stress.
Transgenic and mutant plants with an altered cytokinin signaling pathway have also
been analyzed under drought stress conditions [95, 101-103]. The expression levels of
AHK2 and AHK3, encoding two Arabidopsis cytokinin receptors, increased in response to
drought and osmotic stress [88]. Surprisingly, however, loss-of-function mutants of one or
both of these receptor genes showed enhanced tolerance to drought stress [101]. In contrast
to the expression of cytokinin receptor genes, AHPs were down-regulated by drought stress
[88]. Nevertheless, as was the case for the ahk2 and ahk3 mutants, ahp2 ahp3 ahp5 triple
mutants had increased tolerance to drought stress [102]. Likewise, the type-B RESPONSE
REGULATORS ARR1, ARR10, and ARR12 were shown to redundantly and negatively
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act on plant drought stress tolerance [103]. Together, these results revealed that cytokinin
signaling acts negatively on drought stress tolerance. It would therefore be expected that
plants response to drought stress would include suppression of cytokinin signaling to
maximize drought stress tolerance. From this perspective, it is of interest to note that
drought stress induces the expression of ARR5, ARR7 and ARR15, three genes that encode
cytokinin response inhibitors [95].
1.4.3 Cytokinin and salt stress
Similar to drought stress, salt stress reduces water potential in cells, which implies
an overlap in stress responses. However, in addition to water limitation, salt stress causes
cytotoxic effects in plants through ionic stress [88].
Cytokinin overproducing transgenic Arabidopsis plants overexpressing IPT8
showed higher susceptibility to high salinity levels [104]. This was found to occur due to
the increased production of reactive oxygen species and lower expression levels of reactive
oxygen scavenging enzymes [104]. In another study, a rice cultivar that was sensitive to
salt was used to produce a knockout mutant of the OsCKX2 gene that causes accumulation
of higher levels of cytokinins [105]. This knockout mutant showed increased tolerance to
high salinity levels [105].
Mutants and transgenic lines with altered cytokinin signaling have been tested
under salt stress conditions [101]. As in drought stress, genes of cytokinin receptors are
induced by salt stress [88], and similarly to the osmotic stress response, single and double
ahk2 and ahk3 mutants had increased tolerance to salt stress [101]. As in receptor mutants,
the arr1 arr12 double mutant showed decreased cytokinin sensitivity and increased
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survival rate under high salinity conditions [106]. In contrast, the arr3 arr4 arr5 arr6
quadruple type-A response regulator mutant line, which is cytokinin hypersensitive, did
not show a significant difference in salt sensitivity compared wild-type control [106].
Among the genes regulated by cytokinin during salt stress, HKT1;1 encodes a
sodium

transporter

[107].

This

sodium

transporter

functions

in

preventing

hyperaccumulation of sodium ions in root xylem [108]. Lower cytokinin levels lead to
higher expression of the HKT1;1 gene, thereby making the plants more tolerant to salt
stress [106].
Collectively, these results point at a negative role for cytokinin in plant salt stress
tolerance and that cytokinin-mediated HKT1;1 down regulation is an important component
of this.
1.4.4 Cytokinin and temperature stress
Plants are continuously exposed to daily temperature fluctuations and seasonal
temperature changes. At ambient temperature levels, the growth and developmental
processes, circadian patterns, and plant regulatory processes occur without activating the
temperature stress response pathways. Major temperature deviations, however, cause either
cold stress (chilling or freezing stress) or heat stress to plants.
Low temperature stress occurs when the temperature drops 10-15 ᵒC from the
normal temperature and freezing temperature stress occurs when the temperature drops
below 0 ᵒC. Cold stress reduces cytoplasmic streaming, changes membrane integrity and
causes electrolyte leakage [109]. Many of the regulatory mechanisms that underlie the
response to cold stress involve the hormone ABA [109]. However, recent studies have also
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pointed at a role for cytokinin in the plant cold stress response. In Arabidopsis, the
cytokinin receptors AHK2 and AHK3 were found to mediate the expression of a subset of
response regulators in response to cold stress, although no change in cytokinin levels
occurred [110]. This subset includes the type-A RESPONSE REGULATORS ARR5,
ARR6, ARR7 and ARR15. Cytokinin receptor double mutants, ahk2 ahk3 and ahk3 ahk4
have enhanced tolerance to freezing and that showed similar to drought and salt stress,
these cytokinin receptors act negatively upon freezing stress tolerance [110].
Overexpression of the type-A RESPONSE REGULATOR ARR7 caused hypersensitivity
to freezing stress, while loss-of-function mutants arr5, arr6 and arr7 were all more tolerant
to freezing [110]. This freezing stress signal transfer from receptors to these type-A
RESPONSE REGULATORS was found to occur through AHP2, AHP3, and AHP5 and
the type-B RESPONSE REGULATOR ARR1, implying that the canonical cytokinin
signaling pathway is involved [110-113].
Apart from the components of the cytokinin signaling pathway, several
CYTOKININ RESPONSE FACTORS (CRFs) are known to play a role in cold stress.
CRF2 and CRF3, which are directly regulated by ARR1, are known to stimulate lateral
root formation under cold environmental conditions [114]. Moreover, CRF4 is induced
under cold stress that in turn affects the expression of the CBF (C-REPEAT BINDING
FACTORS) regulon in the cold signaling pathway [115].
Under heat stress, the rise in temperature causes irreversible damage to plant growth
and development. When plants are exposed to heat stress, it causes protein denaturation
and generates reactive oxygen species (ROS) that cause cellular and organellar damage
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[116, 117]. Plants respond to temperature rise by activating mechanisms that counteract
and alleviate heat stress, including the increased expression of heat shock proteins [118].
Under high temperature, endogenous cytokinin levels decline and the application
of cytokinin was shown to increase the heat stress tolerance levels of plants [119].
Proteomic analysis of cytokinin-treated Arabidopsis plants showed that cytokinins
modulate more than 70% of temperature shock response proteins [120]. This also showed
that the proteome regulated by cytokinin partially mimics the proteome induced by heat
shock conditions. Regulation of the temperature shock responsive proteome by cytokinin
suggests that it might play a role in the plant temperature sensing system. Pinus radiata
plants which undergo prolonged heat stress and plants recovered from heat stress showed
higher cytokinin levels [121]. Plants with high levels of cytokinin have increased HEAT
SHOCK PROTEIN levels and an effective antioxidant system [87]. Cytokinin receptor
double mutants ahk2 cre1, ahk3 cre1, ahk2 ahk3 and cytokinin deficient transgenic plant
lines showed a reduction in temperature-stimulated hypocotyl elongation, indicating the
necessity of physiological cytokinin levels in stimulating growth under heat stress
conditions [120]. This also shows the importance of cytokinin in plant thermo
morphogenesis. The transient increase in endogenous cytokinin levels when plants are
exposed to heat stress conditions is well-documented, and is followed by a decrease in
cytokinin levels in the presence of persistent heat [122, 123]. These changes in cytokinin
level could coordinate stomatal closure, which is necessary to protect plants from further
dehydration [123].
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1.5.5 Cytokinin and oxidative stress
The imbalance between free radicals and antioxidants causes oxidative stress [124].
Oxidative stress is a major abiotic factor that affects plant growth and development.
Although ROS are present in plant cells under normal conditions as byproducts of
photosynthetic and aerobic metabolism, exposure of plants to biotic and abiotic stress
conditions elevate ROS levels causing oxidative stress. This causes damage to
macromolecules and plant cell organelles, including chloroplasts, which altogether leads
to cell death [124].
Transgenic tobacco plants that have increased cytokinin content also have increased
activity

of

antioxidant

GLUTATHIONE

enzymes

REDUCTASE,

[125].

These

SUPEROXIDE

antioxidant

enzymes

DISMUTASE,

include

ASCORBATE

PEROXIDASE, and GUAIACOL PEROXIDASE. These transgenic plants also contain
peroxisomes with a higher number of crystallic cores, and they had abnormal interactions
among organelles [125]. Another transgenic tobacco line with the IPT coding region driven
by a senescence-inducible promoter displayed reduced oxidative damage compared to wild
type plants when grown under nitrogen limiting conditions [126]. Similarly, transgenic
Gerbera plants (Gerbera jamesonii) that have increased cytokinin content also had
increased antioxidant enzyme activity when compared to the wild type. Higher activities
were observed for SUPEROXIDE DISMUTASE, CATALASE, ASCORBATE
PEROXIDASE,

GUAIACOL

PEROXIDASE,

REDUCTASE enzymes [127].
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and

DEHYDROASCORBATE

Recently, Arabidopsis CYTOKININ RESPONSE FACTOR 6 (CRF6) was shown
to be a component of a ROS-cytokinin crosstalk regulatory network [128]. Upon treatment
with hydrogen peroxide, some of the genes that encode components of cytokinin signaling
were found to be repressed by CRF6. These genes include the AHP1 gene, type-A response
regulator genes ARR6 and ARR9, and the type-B response regulator gene ARR1. In
addition, genes that are involved in cytokinin biosynthesis (Ex-LOG7) and transport (ExABCG14) were also repressed by CRF6 [128]. Finally, it was shown that ROS and redoxresponsive protein modifications like NO S-nitrosylation affect cytokinin signaling during
the stress acclimation process, as they target AHP proteins [129].

1.5 Cytokinin crosstalk with other stress-related hormones
Most plant hormones exert their effects on plant growth and environmental
responses by interacting with each other which can involve both synergistic and
antagonistic relations.
1.5.1 Cytokinin-ABA crosstalk during plant stress
Abscisic acid (ABA) has long been known for its role in controlling plant responses
to various abiotic stresses [130]. Abiotic stress conditions cause a rapid increase in ABA
content, which in turn increases ABA signaling in plants and leads to adaptive changes in
gene expression aimed at withstanding the stress conditions [130]. Because of its rapid
response to plant abiotic stresses and its role in plant stress adaptation, ABA has been the
focus of many plant stress biology studies.
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In Arabidopsis, the ABA signaling pathway consists of PYRABACTIN
RESISTANCE (PYR) and PYR-LIKE (PYL) intracellular receptors, also known as
REGULATORY COMPONENTS OF ABA RECEPTOR (RCAR) proteins [131]. In the
presence of ABA, PYR/PYL/RCAR receptor proteins interact with 2C-TYPE
PHOSPHATASES (PP2Cs) which are inhibitors of the ABA response and this interaction
inhibits PP2C activity and displaces PP2Cs from their inhibitory interaction with
SUCROSE NON-FERMENTING 1 RELATED PROTEIN KINASE 2 (SnRK2) proteins,
which activate the ABA response. Once released from PP2C binding, the SnRK2s then
phosphorylate and activate a set of transcription factors that promote the ABA
transcriptional response [131].
ABA and cytokinin antagonistically regulate several plant developmental processes
and stress responses, and they do this by inhibiting each other’s biosynthesis and signaling
pathways [132-135]. Treatment of Arabidopsis with ABA causes a rapid decrease in
cytokinin signaling [100]. This is in part caused by the ABA-responsive induction of
MYB2 [136], which represses the expression of IPT genes, resulting in a reduction of
cytokinin biosynthesis [137]. On the other hand, treatment with cytokinin suppressed ABA
biosynthesis in Cercospora rosicola in dose-dependent manner [133]. Plants with lower
cytokinin levels or attenuated cytokinin signaling contained lower levels of ABA under
drought stress conditions but higher sensitivity to ABA, implying feedback inhibition of
ABA on its signaling pathway [100].
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Figure 1. 4: A schematic diagram of crosstalk between ABA and cytokinin signaling.
MYB:
MYB
transcription
factors,
IPTs:
ADENOSINE-PHOSPHATE
ISOPENTENYLTRANSFERASES, AHKs: ARABIDOPSIS HISTIDINE KINASES,
AHPs: ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEINS, type-B ARR:
type-B ARABIDOPSIS RESPONSE REGULATORS, type-A ARRs: type-A
ARABIDOPSIS RESPONSE REGULATORS, ABA: Abscisic acid, PYR/PYL/RCAR:
PYRABACTIN RESISTANCE (PYR) and PYR-LIKE (PYL) ABA receptor proteins,
PP2C: 2C-TYPE PHOSPHATASE, SnRK2: SUCROSE NON-FERMENTING 1RELATED PROTEIN KINASE 2, ABI: ABA INSENSITIVE PROTEINS, AREB/ABF:
ABRE-BINDING PROTEIN (AREB) or ABRE-BINDING FACTOR (ABF), ABRE:
ABA-RESPONSIVE ELEMENT.

ABA/cytokinin interactions at the signaling level were uncovered more recently
[132, 134, 138]. Studies conducted on cotyledon greening have revealed that ABI4
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suppresses the transcription of type-A response regulators to inhibit cotyledon greening
[138]. Cytokinin, on the other hand, antagonized the ABA effect on cotyledon greening by
promoting degradation of the transcription factor ABI5, which is a transcriptional regulator
of the ABA response [135]. Single- and higher-order mutants of type-A response regulators
arr4, arr6, arr7, and arr15 were hypersensitive to ABA, whereas ARR7 overexpression
caused decreased ABA sensitivity [132]. Another interaction point between these two
hormone response pathways involves the SUCROSE NONFERMENTING1-RELATED
KINASES SnRK2.2, SnRK2.3, and SnRK2.6 that are activators of ABA signaling and that
interact and phosphorylate the type-A response regulator ARR5 increasing its stability and
thus making it a more potent repressor of the cytokinin response [134]. Finally, cytokinin
signaling also inhibits ABA signaling via the actions of type-B RESPONSE
REGULATORS, ARR1, ARR11, and ARR12 that can directly interact with the SnRK2s
in the ABA pathway and inhibit their kinase activity [134]. With these multiple
interconnections between the cytokinin and ABA signaling pathways, plants balance their
growth and stress responses to environmental cues.
1.5.2 Cytokinin-jasmonic acid crosstalk during plant stress
Jasmonic acid (JA) is involved in both plant biotic and abiotic stress responses, and
hence it is known predominantly as a stress response hormone [139]. JA is known to play
an important role in regulating plant stress signaling and stress adaptation in different
environmental conditions. Plants that have elevated JA responses have enhanced tolerance
to salt and drought stress [140, 141].
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JA biosynthesis starts from linolenic acid via the octadecanoid pathway, and it is
further metabolized to a JA-isoleucine conjugate (JA-Ile) [139]. The interaction between
JA-Ile and the CORONATINE INSENSITIVE1 (COI1) receptor leads to the proteolysis
of JASMONATE ZIM-DOMAIN (JAZ) proteins which are transcriptional repressors of
the JA response. Degradation of JAZs leads to repression release of WRKY, MYB and
MYC transcription factors which regulate JA biosynthesis, JA-responsive secondary
metabolite synthesis and the expression of JA-responsive genes that play an essential role
in modulating plant defense and development in response to stress [139].
Many of the genes whose expression is controlled by cytokinin are also regulated
by JA or JA-controlled stress responses [142], suggesting a crosstalk between the two
hormones. Moreover, genes encoding components of the cytokinin signaling pathway
(AHKs, AHPs, ARRs) are subjected to JA regulation, thus modulating cytokinin directed
plant growth and developmental processes in response to stress [139, 142, 143].
Antagonistic effects of cytokinin and JA can be seen in processes like xylem
development [143]. In Arabidopsis, JA induces the formation of extra xylem in roots and
this occurs via the suppression of cytokinin responses which negatively regulate xylem
differentiation [143]. It was shown that this suppression occurs through the JA-responsive
transcription factor MYC2, which promotes the expression of AHP6, a pseudo
phosphotransfer protein, which inhibits cytokinin signaling by interfering with the
phosphorelay mechanism [143]. In addition, JA down-regulates expression of the cytokinin
responsive PIN-FORMED 7 (PIN7) gene, which functions in pattern specification during
root development [144]. The antagonistic interaction of cytokinin and JA was also found
at the level of leaf senescence in which these hormones counteracted each other at the
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expression level of chlorophyll-degradation-related genes and senescence-associated genes
[145].

JA

JA-ile
MYC2

AHP6

COI1

Cytokinin
signaling

Degradation of JAzs
Figure 1. 5: A schematic diagram of crosstalk between jasmonic acid and cytokinin
signaling. JA: jasmonic acid, JA-ile: JA-isoleucine conjugate, COI1: CORONATINE
INSENSITIVE1 receptor, JAZs: JASMONATE ZIM-DOMAIN proteins, MYC2: MYC2
transcription factor, AHP6: ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER
PROTEIN 6.

Plants with low cytokinin levels or with defective cytokinin signaling have a JAdependent cell death response in the presence of circadian stress [146]. Changes in the
light-dark regime cause plant circadian stress, and this induces cell death marker genes
while reducing photosynthetic efficiency. Circadian stress promotes ROS accumulation
and also activates the JA signaling pathway, which is crucial for the induction of cell death.
In order to protect plants against the detrimental effects of circadian stress, it is essential to
have wild type cytokinin action levels, and it has been found that the cytokinin receptor
AHK3 plays an important role in this process [146]. Although these findings support the
interaction between cytokinin and JA, the underlying molecular mechanisms of this
crosstalk remain to be uncovered [146].
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CHAPTER 2.
CYTOKININ-INDUCED PROTEIN SYNTHESIS SUPPRESSES GROWTH AND
OSMOTIC STRESS TOLERANCE

(The contents of this chapter have been published in New Phytologist 2020. Karunadasa, S.
S., Kurepa, J., Shull, T. E., & Smalle, J. A. (2020). Cytokinin-induced protein synthesis
suppresses growth and osmotic stress tolerance. New Phytologist, 227(1), 50-64.)

2.1. SUMMARY
Cytokinins control critical aspects of plant development and environmental
responses. Perception of cytokinin ultimately leads to the activation of proteins belonging
to the type-B RESPONSE REGULATOR family of cytokinin response activators.
In Arabidopsis thaliana, ARR1 is one of the most abundantly expressed type-B
RESPONSE REGULATORS. We investigated the link between cytokinin signaling,
protein synthesis, plant growth and osmotic stress tolerance. We show that the increased
cytokinin signaling in ARR1 gain-of-function transgenic lines is associated with increased
rates of protein synthesis, which lead to growth inhibition and hypersensitivity to osmotic
stress. Cytokinin-induced growth inhibition and osmotic stress hypersensitivity were
rescued by treatments with ABA, a hormone known to inhibit protein synthesis. We also
demonstrate that cytokinin-induced protein synthesis requires isoforms of the
RIBOSOMAL

PROTEIN

L4

encoded

by

the

cytokinin-inducible

genes RPL4A and RPL4D, and that RPL4 loss-of-function increases osmotic stress
tolerance and decreases sensitivity to cytokinin-induced growth inhibition. These findings
reveal that an increase in protein synthesis negatively impacts growth and osmotic stress
tolerance and explain some of the adverse effects of elevated cytokinin action on plant
development and stress physiology.
Key words: abscisic acid (ABA), aggresomes, antibiotics, cytokinin, mistranslation,
osmotic stress, protein synthesis, ribosomal subunits.
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2.2. INTRODUCTION
The Arabidopsis cytokinin signaling mechanism includes a phosphorylation
cascade that starts with histidine kinase receptors that autophosphorylate upon binding the
hormone and then transfer the phosphoryl group to ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER (AHP) proteins. The phosphorylated AHPs subsequently shuttle
the phosphoryl group onto members of two related but functionally opposite classes of
ARABIDOPSIS RESPONSE REGULATORS (ARRs). The type-B ARRs are
transcriptional response activators that are activated by phosphorylation of a conserved
aspartate in their receiver domain. The type-A ARRs are encoded by genes up-regulated
by the type-B ARRs, and they attenuate the cytokinin response, thus forming a negative
feedback loop [147-150].
Although cytokinins have long been known to control plant growth and
development, their roles in abiotic and biotic stress responses were uncovered more
recently and are still being assessed [88, 151, 152]. The major impetus for further in-depth
analyses of the role of cytokinins in stress response regulation stems from the fact that
previous studies yielded somewhat conflicting conclusions. For example, whereas some
reports showed that increased endogenous cytokinin levels enhanced drought stress
tolerance, others described that reduced cytokinin content or decreased cytokinin
sensitivity promoted drought stress tolerance [88, 101-103, 151, 153-158]. Plants exposed
to drought stress must find a balance between growth and stress response mechanisms to
establish a new homeostatic state in which the rate of growth allows a complete life cycle
with minimal accumulation of damaged cellular components that can trigger cell death
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[159, 160]. This adjustment of resources may lead to stress-induced plant growth
inhibition, which is accompanied by a reduction in global protein synthesis rate [160-162].
Here, we describe a link between cytokinin, protein synthesis, plant growth and
osmotic stress tolerance, which was discovered starting from the serendipitous observation
that increased cytokinin signaling suppresses the kanamycin resistance of a T-DNA
insertional mutant. We show that cytokinin raises the global protein synthesis rate and that
this requires the canonical cytokinin response pathway and two genes that encode the
RIBOSOMAL PROTEIN RPL4. Intriguingly, we also find that this increased protein
synthesis causes a reduction in plant growth and hypersensitivity to osmotic stress.

2.3. MATERIALS AND METHODS
2.3.1. Plant materials and growth conditions
The lines used were Arabidopsis (Arabidopsis thaliana L. Heynh) Columbia 0
(Col-0) as the wild-type and the Col-0 mutants and transgenic lines arr1-1 [163], arr1-3
arr10-5 [45], arr1-3 arr12-1 [45], ahp1,2,3,4,5 [164], ARR5::GUS reporter line [36], ipt 161 [165], rpl4a-2 [166], rpl4d-1 [166], rpl4a-4 (SALK_027492C) and rack1a-1 rack1c1 [167]. Except for ipt -161, all lines were obtained from the ABRC Seed Stock Center.
Wild-type ARR1 and phosphomimic ARR1 mutant overexpression lines in the arr11 mutant background were previously described [168]. For all experiments, seeds were
surface sterilized, moist chilled for 1 day, and plated on half-strength Murashige and Skoog
medium containing 1% (w/v) sucrose and 0.8% (w/v) PhytoAgar (MS/2, pH 5.7). Plants
were grown in a growth chamber at 22°C under continuous light (80 µmol m−2 s−1).
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2.3.2. Treatments
For all growth experiments with antibiotics and amino acid analogs, the test
compounds were added to sterilized and cooled media before pouring and solidification.
The following compounds were tested: kanamycin as kanamycin monosulfate (Gold
Biotechnology, St Louis, MO, USA), spectinomycin (Sigma), chloramphenicol (Sigma)
and L-canavanine (Sigma). For all assays, sterilized and moist chilled seeds were plated
onto test media, and plants were grown for the time intervals specified in the legends to
Figures 2.1.1, 2.1.3 and 2.1.4. Fresh weight was measured in pools of six or 10 plants. Due
to a significant size difference between some mutant lines and the wild-type, most of the
fresh weight data are presented as normalized to the fresh weight of plants of the same line
grown on control media.
For the analyses of osmotic stress effects on root growth, seedlings were first grown
on MS/2 medium for 5 days. Seedlings of the same size were then transferred to test plates
with D -mannitol (Sigma). Test plates were positioned vertically, and root tips were marked
at the time of transfer and after 6 days of growth. Root length was measured from digital
photographs using ImageJ software (http://rsb.info.nih.gov.ezproxy.uky.edu/ij/). For the
morphological analyses of prolonged growth on mannitol, sterilized and moist chilled
seeds were plated onto MS/2 media with 200 mM mannitol and grown for more than 1
month until a clear morphological difference was obtained between the plant lines.
For the short-term hormone or osmotic stress treatments, 7-day-old seedlings were
transferred to tubes containing an aqueous solution of the test compound benzyladenine
(BA, obtained from PhytoTech Labs, Shawnee Mission, KS, USA), Cis- Trans-ABA (TCI
Co., Ltd) or D-mannitol (Sigma). After incubating the seedlings for the time duration
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denoted in the legends to Figures 2.1.7–2.2.1, they were used for SUnSET analyses. For
the analyses of hormonal effects on plant growth or osmotic stress, sterilized and moist
chilled seeds were plated onto MS/2 media supplemented with a series of BA or Dmannitol doses and plants were grown for a time interval specified in the legends to Figures
2.1.8–2.2.3. For the growth analyses with ABA, sterilized and moist chilled seeds were
first grown on MS/2 medium for 5 days and then transferred to MS/2 media supplemented
with a series of ABA doses.

2.3.3. Protein isolation and immunoblotting analyses
Immunoblotting analyses, protein extraction, separation and transfer were
performed as described by Kurepa & Smalle (2011) [169]. The antibodies used were: the
Arabidopsis anti-ARR1 [170], anti-α tubulin (dilution 1 : 10 000; clone B-5-1-2, Sigma),
anti-COXII (1 : 5000; Agrisera, Vännäs, Sweden), anti-Cyt f (1 : 10 000; Agrisera) and
anti-actin (1 : 1000; Sigma). The secondary antibodies used (1 : 1000; horseradish
peroxidase-conjugated goat anti-rabbit antisera) were obtained from SantaCruz
Biotechnology (Santa Cruz, CA, USA). For SUnSET analyses [171], plants that were
grown in test compound supplemented media or plants treated with the test compound were
then incubated with 50 µM puromycin (Millipore, Billerica, MA, USA) for the time
intervals denoted in the legends to Figs 2.1.7–2.2.1 (typically, 30–40 min). In the
experiments with the protein synthesis inhibitor, seedlings were treated with 10 µM
cycloheximide (Sigma) for 4 h before puromycin treatment. After the puromycin treatment,
plants were rinsed in water, blotted dry, weighed and three volumes of 2× SDS loading
buffer was added. Tissue was disrupted using zirconium beads in a bead beater, and the

37

debris was pelleted by centrifugation. For chloroplast protein extraction, chloroplasts were
isolated using a chloroplast isolation kit (101 Bio, Mountain View, CA, USA) and intact
chloroplasts were incubated in 50 µM puromycin for 20 min. Then chloroplasts were
disrupted and puromycin incorporated chloroplast proteins were isolated. Protein extracts
were loaded onto 7.5% SDS polyacrylamide gels and transferred to nitrocellulose
membranes. Newly synthesized proteins were detected by immunoblotting with the antipuromycin antibody (1 : 20 000 dilution; Millipore Sigma) and horseradish peroxidaseconjugated goat anti-mouse secondary antibody (1 : 1000; SantaCruz Biotechnology). All
immunoblots were developed using SuperSignal West Femto substrate (Thermo-Pierce,
Rockford, IL, USA) using a ChemiDoc XRS molecular imager (Bio-Rad). The signal
intensities were measured using QuantityOne software (Bio-Rad). Peak intensities of
puromycin blots were assessed using ImageJ software.

2.3.4. Confocal microscopic analyses of aggregate formation
Three-day-old sterile-grown seedlings were treated with kanamycin, puromycin or
MG132 (Enzo Life Sciences International, Plymouth Meeting, PA, USA) for the time
intervals and at the concentrations denoted in the legends to Figures 2.1.5 and 2.1.6.
Seedlings were subsequently fixed with 4% formaldehyde and stained with the ProteoStat
Aggresome Detection Kit (Enzo Life Sciences International) in accordance with the
manufacturer's instructions with a few modifications (all steps relevant to mammalian cell
cultures were omitted and before the treatments with the dual detection reagent, seedlings
were kept in 1× PBS solution at 4°C for 12 h). Images of stained roots were acquired on
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an Olympus Fluoview 1200 confocal microscope and analyzed using ImageJ software.
Fluorescence levels per unit area was calculated and the value of wild-type was set to zero.

2.3.5. β-Glucuronidase (GUS) staining
After the treatments, seedlings were rinsed and transferred to a staining buffer
solution (10 mM Na2EDTA, 100 mM NaH2PO4, 0.1% (v/v) Triton X-100) that contained
1 mg ml−1 X-Gluc substrate (5-bromo-4-chloro-3-indolyl-β-d -glucuronic acid, Gold
Biotechnology). To stop the reaction and prepare the tissues for analyses, seedlings were
first incubated in ethanol until cleared and then transferred to 50% (v/v) glycerol.

2.3.6. Statistical analyses
Descriptive statistics, plotting and hypothesis testing were done using Prism 5.0a
(GraphPad Software Inc., La Jolla, CA, USA). All data are presented as mean ± SD. Each
experiment was done with at least three biological replicates, and the number of
independent samples per replicate is indicated in the legends to Figures 2.1.1–2.1.3-2.1.9,
2.2.2 and 2.2.5. When means of more than two samples were compared, two-way nonparametric ANOVA followed by Bonferroni's post hoc test was used to calculate
significance between pairs of means, which is indicated by asterisks in the figures.
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2.4. RESULTS
2.4.1. Gain of ARR1 function suppresses kanamycin resistance
In a previous comparative study of plants expressing wild-type ARR1 and
phosphomimic ARR1 (ARR1D94E), we have shown that substitution of the phosphoraccepting aspartate 94 with the phosphomimetic glutamate constitutively activates wildtype ARR1 and instigates developmental and physiological changes resembling those seen
in wild-type plants treated with cytokinins [168]. For the present study, wild-type ARR1
overexpression (ARR1 OE) and phosphomimic ARR1 overexpression (PM OE)
constructs, both of which contain a phosphinothricin (Basta) resistance gene, were
introduced into the arr1-1 mutant to ensure no interference of the endogenous ARR1 with
the analyses [168]. The arr1-1 line is a cytokinin-resistant T-DNA insertion knock-out
mutant, and the inserted T-DNA carries genes for both hygromycin and kanamycin
resistance [163].
To safeguard the purity of the transgenic lines, we would occasionally grow plants
on media containing both phosphinothricin and kanamycin. Surprisingly, we observed that
the kanamycin resistance levels of ARR1 OE plants differed between lines (Figure 2.1.1a).
We also observed that the ARR1 OE lines that had the smallest rosettes when grown on
control media also had the strongest suppression of kanamycin resistance (Figure 2.1.1a).
Because reduced rosette size is one of the developmental phenotypes that reflects increased
cytokinin action [172], we next analyzed the correlation between the ARR1 expression
level and kanamycin resistance. Immunoblotting analyses showed that the higher the
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ARR1 expression level, the more pronounced the loss of kanamycin resistance (Figure
2.1.1a,b).
To extend the kanamycin resistance analyses to PM OE lines, we selected a PM OE
line with rosettes of similar size to rosettes of the ARR1 OE line with the highest ARR1
expression level. Immunoblotting analyses showed that the expression level of
phosphomimic ARR1 in the chosen PM OE line was substantially lower than the
expression level of wild-type ARR1 in the chosen ARR1 OE line, which confirmed our
previous findings that the phosphomimic amino acid substitution D94E is sufficient to
convert ARR1 into a constitutive cytokinin response activator (Figure 2.1.2; [168]). The
kanamycin resistance conferred by the T-DNA inserted into ARR1 was also attenuated by
the expression of phosphomimic ARR1 (Figure 2.1.1c). A dose–response assay conducted
to compare the strength of the suppression of the kanamycin resistance between ARR1 OE
and PM OE lines showed that there was no significant difference in suppression levels
between these lines and that the partial suppression in all lines was apparent at the lowest
tested dose (5 mgl−1 kanamycin; Figure 2.1.1d). We concluded that gain of ARR1 function
and the concomitant increase in cytokinin signaling and responses was the cause of the
decreased kanamycin resistance.

2.4.2. Gain of ARR1 function increases resistance to spectinomycin and
chloramphenicol
Kanamycin is an aminoglycoside antibiotic that affects mRNA translation fidelity
by binding to the 30S subunit of prokaryotic ribosomes [173]. To understand the link
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between increased cytokinin action and the increased sensitivity of the OE lines to
kanamycin, we next tested the growth responses of the OE lines to spectinomycin and
chloramphenicol, two antibiotics that affect protein synthesis by different mechanisms of
action. Spectinomycin is an aminocyclitol-type antibiotic that – like kanamycin – binds to
the ribosomal 30S subunit, but it blocks protein synthesis by preventing the translocation
of the peptidyl tRNA from the A-site to the P-site [174]. Chloramphenicol, by contrast,
prevents protein chain elongation by binding to the 50S subunit. After titrating the
spectinomycin and chloramphenicol doses (Figure 2.1.3), we grew the OE lines and the
cytokinin-insensitive arr1-1 mutant on plates with the effective antibiotic doses. The OE
lines showed higher resistance to spectinomycin and chloramphenicol compared to the
wild-type, whereas the resistance of the arr1-1 mutant was lower than that of the wild-type
(Figure 2.1.4a). Therefore, increased cytokinin action leads to increased resistance to
antibiotics that halt protein synthesis.

2.4.3. Cytokinin signaling increases the toxicity of compounds that promote
mistranslation
If increased cytokinin action enhances the toxicity of an antibiotic that induces
mistranslation and the accumulation of misfolded proteins and decreases the toxicity of
antibiotics that interrupt de novo protein synthesis, then cytokinins may regulate a
homeostatic process that regulates the levels of misfolded proteins in the cell. To test this
hypothesis, we treated seedlings with the amino acid analog L-canavanine which is
incorporated into newly synthesized proteins in place of L-arginine and thus leads to an
accumulation of misfolded proteins [175]. When grown on media with L-canavanine, the
ARR1 gain-of-function lines showed hypersensitivity, whereas cytokinin-insensitive lines
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showed increased tolerance to L-canavanine (Fig. 2.1.4b,c). Thus, kanamycin and Lcanavanine hypersensitivity combined with the spectinomycin and chloramphenicol
resistance of the ARR1 gain-of-function lines suggest strongly that cytokinins regulate a
mechanism that prevents the accumulation of misfolded proteins in the cell.
Eukaryotic cells use a complex network of defense mechanisms to prevent the
accumulation of mistranslated and misfolded proteins, which are formed both at optimal
growth conditions and in response to stress. These defenses include families of chaperones
that fold and refold proteins [176]. If the capacity of the chaperone system is eclipsed by
the amounts of misfolded proteins, misfolded proteins will be labeled by ubiquitin chains
and degraded by the 26S proteasome or will be engulfed by autophagosomes [176]. If,
however, the amount of damaged or misfolded proteins is so high that the cellular
proteolytic and proteostatic systems are both overloaded, proteins will aggregate and form
toxic aggresomes whose accumulation leads to cell death [177]. Therefore, we next tested
whether gain of ARR1 function increases the kanamycin-dependent accumulation of
aggresomes.
Whereas in situ detection of aggresomes in animal systems is well established, it
was successfully performed only in plant cell cultures and not in intact plants [178]. Minor
modifications of the ProteoStat Aggresome Detection Kit protocol, however, allowed us to
visualize aggresomes in primary roots and confirm that kanamycin leads to the formation
of misfolded protein aggregates (Figure 2.1.5). As expected, the same effect was also
detected after treatments with the proteasome inhibitor MG132 (Figure 2.1.5a). Next, we
treated the wild-type, arr1-1 and the OE seedlings with kanamycin. As expected, the
kanamycin-resistant arr1-1 seedlings accumulated fewer aggresomes compared to the
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kanamycin-sensitive wild-type, whereas the ARR1 OE and PM OE seedlings accumulated
more aggresomes compared to the wild-type and arr1-1 (Figure 2.1.6a). Therefore,
toxicity of aggregated misfolded proteins is the molecular mechanism underlying the
decreased kanamycin resistance of ARR1 gain-of-function lines.
Independent confirmation of this conclusion was obtained by analyses of the
response of a set of cytokinin-resistant mutants to aggresome-inducing conditions. These
mutants were also generated using a T-DNA that encodes a kanamycin resistance gene
[179]. However, because these T-DNAs are inserted in different locations of the
Arabidopsis genome and thus the T-DNA-encoded genes probably have both different
expression levels due to positional effects and varying degrees of co-suppression, we were
not able to use kanamycin as the aggresome inducer. To circumvent the problems that can
arise from comparing T-DNA insertion lines that express the kanamycin resistance gene to
different levels, we tested the effects of puromycin. Puromycin is a structural analog of the
3′ end of aminoacyl-transfer RNA and when it occupies the A-site in ribosomes, peptidyltransferase covalently links the peptide in the ribosomal P site to puromycin and that
terminates translation [180]. As a result, truncated proteins of different lengths are
synthesized that are prone to misfolding and form aggresomes. When analyzed using
confocal laser microscopy, primary roots of seedlings treated with puromycin accumulated
more aggresomes than the control (Figure 2.1.6b). Treatment of cytokinin-related lines
showed that gain of type-B ARR1 function enhanced, whereas single- and double- type-B
ARR loss of function suppressed, the aggresome-inducing activity of puromycin (Figures
2.1.6c, 2.1.5b,c). Therefore, we concluded that cytokinin stimulates the activity of a
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cellular mechanism that promotes the accumulation of misfolded proteins in the presence
of mistranslation-inducing agents.

2.4.4. Cytokinin promotes protein synthesis
Although the path from translation to formation of aggresomes involves a multitude
of molecular systems which can theoretically all be regulated by cytokinins, the facts that
toxicity caused by accumulation of aggresomes is promoted and that toxicity caused by
depletion of de novo synthesized proteins is suppressed by cytokinin strongly suggested
that the basic mechanism affected is the rate of protein synthesis. To test this, we used the
SUnSET method to monitor global protein synthesis rates. In this method, seedlings are
first treated with puromycin that is incorporated into elongating peptide chains and causes
translation termination. Thus, the higher the protein synthesis rate, the higher the level of
puromycin-labeled proteins. Proteins of the treated seedlings are then isolated and used for
immunoblotting analyses with anti-puromycin antibodies.
We treated seedlings of the wild-type and the strong cytokinin-resistant double
mutant arr1-3 arr12-1 for 1 h with different doses of the cytokinin BA and labeled the
proteins with puromycin for SUnSET analyses (Figure 2.1.7a). Under these conditions, we
observed a mild decrease in protein synthesis at 0.1 µM BA in the wild-type and a mild
increase at the same concentration in the arr1-3 arr12- 1 line (Figure 2.1.7a). However,
0.2 µM BA treatment was sufficient to induce a strong increase in protein synthesis in the
wild-type, whereas in the arr1-3 arr12-1 mutant, even higher BA doses (e.g. 0.5 µM) were
ineffective (Figure 2.1.7a). Next, we tested the ipt- 161 transgenic line that overproduces
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cytokinins that differ from BA in their chemical structure [165, 172]. The protein synthesis
rate was also higher in the ipt -161 seedlings than in the wild-type (Figure 2.1.7b,c).
Finally, we tested the protein synthesis rate in the ARR1 gain-of-function lines
(Figure 2.1.7d). In this set of experiments, we included a pretreatment with the protein
synthesis inhibitor cycloheximide. As expected from the results of the experiments with
the exogenous BA treatments and cytokinin-overproducing lines, protein synthesis levels
in the ARR1 gain-of-function lines were higher, while in the arr1-1 mutant they were
lower than in the wild-type (Figure 2.1.7d). What was surprising, however, was that
cycloheximide fully suppressed the differences in protein synthesis levels between the lines
(Figure 2.1.7d,e). Cycloheximide is classified as a eukaryotic and kanamycin as a
predominantly prokaryotic (and organellar) protein synthesis inhibitor [173, 181]. Because
of our initial finding of an effect of cytokinins on kanamycin sensitivity, we expected that
protein synthesis in organelles and not the cytoplasm would be affected by the hormone.
Furthermore, because of the bleached phenotype of kanamycin-treated wild-type plants
and the known effects of cytokinin on chloroplast development and regulation (Figure
2.1.1a,c; [182-185]), we expected that the observed increases in cytokinin-induced protein
synthesis would be predominantly chloroplastic in origin. To ensure that the protein
synthesis rates in chloroplasts are not affected by cytokinins, we isolated chloroplasts from
different cytokinin-related lines (Figure 2.1.7f) and used them for SUnSET analyses
(Figure 2.1.7g). Chloroplast protein synthesis did not vary between the lines (Figure
2.1.7g). Therefore, all differences in the effects of kanamycin, spectinomycin and
canavanine treatments between overexpression and mutant lines can be explained by the
promotive effect that cytokinin has on cytosolic protein synthesis.
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2.4.5. Osmotic stress induces protein synthesis by increasing cytokinin signaling
It has been shown that cytokinin-resistant mutants have increased tolerance to
osmotic and drought stress, indicating that cytokinin signaling promotes sensitivity to these
abiotic stresses [101-103]. Because changes in global protein synthesis rates often change
during stress [161, 162], we next investigated whether the effects of cytokinins on protein
synthesis and on the osmotic stress response are connected.
To that end, we analyzed how mannitol treatments impact protein synthesis rates in
the wild-type and in the cytokinin-related lines (Figure 2.1.8). Wild-type seedlings treated
with mannitol responded with an increase in protein synthesis, and this increase was
attenuated in the cytokinin-resistant double mutant arr1-3 arr12-1 (Figure 2.1.8a).
However, the induction of protein synthesis in both lines at 2 h was weaker than at 1 and
4 h, which may reflect a level of early-stage feedback-inhibition control. The lines with
constitutively higher protein synthesis rates (the ARR1 gain-of-function lines and ipt -161,
Figure 2.1.7) responded to mannitol with a further rise in protein synthesis rates (Figure
2.1.8b). We concluded that plants respond to the mannitol-induced osmotic stress by
increasing their protein synthesis rate and that this increase is governed by cytokinin
signaling. Because this implied that osmotic stress engages the cytokinin signaling
mechanism, we analyzed the effect of mannitol treatment on the cytokinin response
reporter line ARR5::GUS (Figure 2.1.8c). Mannitol induced the accumulation of the
colored GUS product, proving that osmotic stress does in fact increase cytokinin signaling
(Figure 2.1.8c).
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2.4.6. Cytokinin signaling suppresses osmotic stress tolerance
To determine the in vivo relevance of the cytokinin-dependent increase in protein
synthesis in response to mannitol, we analyzed the growth of cytokinin-related lines on
mannitol-supplemented media. The lowest tested dose of mannitol (50 mM) induced root
growth in wild-type plants whereas higher doses (100 and 200 mM) caused a gradual root
growth inhibition (Figure 2.1.8d). The root growth response of the arr1-1 mutant showed
the same trend as the wild-type, except that the growth promotion was more pronounced.
For example, whereas the wild-type root length on 100 mM mannitol was not significantly
different from the root length on control media, roots of arr1-1 plants grown on 100 mM
mannitol were longer than those of the arr1-1 control plants (P ≤ 0.01; Figure 2.1.8d). In
the ARR1 OE and PM OE seedlings, the promotive effect of low mannitol doses on root
growth was not observed, and the root growth inhibition by higher doses was stronger
compared to both the wild-type and arr1-1 (Figure 2.1.8d). This suggested that
overexpression of ARR1 causes hypersensitivity whereas loss of ARR1 function increases
tolerance to osmotic stress. The effect of prolonged growth on mannitol confirmed this
finding: whereas the rosettes of the arr1-1 and arr1-3 arr12-1 mutants remained green and
only the older leaves of the wild-type plants were bleached, ARR1 OE and PM OE plants
were hypersensitive to the treatment and most of their leaves were bleached (Figure 2.1.8e).
Therefore, mannitol-induced inhibition of growth and bleaching of leaves requires an intact
cytokinin signaling mechanism, and is enhanced in lines that have increased cytokinin
action.
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2.4.7. ABA counteracts the cytokinin effects on protein synthesis, growth and osmotic
stress tolerance
ABA is a plant hormone that plays a significant role in the cellular response to
osmotic stress [186, 187]. ABA is also known to inhibit protein synthesis [188]. We
hypothesized that if the osmotic stress hypersensitivity of ARR1 gain-of-function lines is
caused by increased protein synthesis rates, then ABA-mediated suppression of protein
synthesis may revert the osmotic stress sensitivity of the ARR1 gain-of-function lines back
to the wild-type level.
A short-term treatment with 200 µM ABA suppressed protein synthesis in the wildtype and ARR1 gain-of-function lines but did not impact protein synthesis in the cytokininresistant mutants arr1-1 and arr1-3 arr12-1 , suggesting that ABA specifically suppresses
cytokinin-induced protein synthesis (Figure 2.1.9a). Long-term treatments led to the same
response: protein synthesis was suppressed by ABA in both the wild-type and ARR1 gainof-function lines and, as expected from prolonged treatment, lower ABA concentrations
were required for this suppression (range 1–7 µM; Figure 2.2.1).
To confirm that ABA impacts cytokinin-induced protein synthesis, we grew wildtype seedlings on media with a range of low ABA doses and media with the same doserange of ABA supplemented with 50 nM BA (Figure 2.1.9b). In seedlings grown on ABA
only, we did not detect any significant repression of global protein synthesis. However, in
seedlings grown on media containing both ABA and BA, the BA-dependent increase in
protein synthesis was indeed suppressed by ABA (Figure 2.1.9b).
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ABA also partially counteracted the growth inhibition caused by 50 nM BA and
this was especially apparent at 0.3 µM ABA, the lowest ABA concentration that reverted
the BA-induced protein synthesis level back to the level of the untreated wild-type (Figures
2.2.2, 2.1.9b). This suggested that cytokinin-inhibition of plant growth is in part due to
cytokinin-induced protein synthesis. To test this hypothesis independently, we grew the
semi-dwarfed ARR1 gain-of-function lines on media with ABA and documented a
significant increase in the rosette sizes of ARR1 gain-of-function plants grown on lower
concentrations of ABA, while wild-type rosette growth was not increased (0.1–0.5 µM
ABA; Figures 2.1.9c, 2.2.3).
ABA also suppressed the osmotic stress hypersensitivity of ARR1 gain-of-function
lines. When the wild-type plants were grown on media containing 200 mM mannitol and
ABA, their growth was inhibited by ABA at doses ≥0.3 µM (Figure 2.1.9d). Low
concentrations of 0.1 and 0.3 µM ABA, by contrast, led to an increase in growth of ARR1
gain-of-function lines, indicating that ABA suppresses the osmotic stress sensitivity of
these lines (Figure 2.1.9d).

2.4.8. Cytokinin-induced protein synthesis requires RPL4A and RPL4D
While ABA suppressed the increased protein synthesis rates in ARR1 gain-offunction lines, it remained possible that this effect was not the underlying cause for the
ABA-mediated suppression of their semi-dwarfism and osmotic stress hypersensitivity.
For example, it is well known that ABA promotes the osmotic stress response [186, 189]
and it was therefore possible that the ABA-mediated suppression of osmotic stress
hypersensitivity in ARR1 gain-of-function lines was caused by a mechanism other than the
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suppression of protein synthesis. To resolve this issue, we attempted to identify cytokinininduced genes that code for components of the protein synthesis machinery and that
mediate the effect of cytokinin on protein synthesis and potentially also on plant growth
and osmotic stress tolerance.
Arabidopsis gene expression responses to hormone treatments can be determined in
silico by using an Electronic Fluorescent Pictograph browser [190]. Using this approach,
we identified cytokinin-inducible genes that encode components of the protein synthesis
machinery and selected a set for which loss-of-function mutations were associated with a
decrease in protein synthesis rate. The selected set includes a gene family encoding the
ribosomal protein RACK1 and a gene family encoding the ribosomal protein RPL4. The
first gene family contains three cytokinin-inducible genes (RACK1A–C, Figure 2.2.4). The
double mutant rack1a-1 rack1c-1 was shown to be hypersensitive to the translation
inhibitor anisomycin, as expected from a line with decreased protein synthesis [167]. The
second gene family includes the two cytokinin-induced genes RPL4A and RPL4D (Figure
2.2.5a). Loss-of-function mutants of RPL4A and RPL4D are viable and have decreased
protein synthesis rates, but the rpl4a rpl4d double mutant is lethal [166].
We focused our analyses on the previously described rack1a-1 rack1c-1 double
mutant [167] and rpl4a-2 and rpl4d-1 single mutants [166]. In addition, we used the
new rpl4a-4 allele that carries a T-DNA insertion mutation in the second exon
of RPL4A (SALK_027492C). In all mutant lines grown on control medium, the global
protein synthesis rate was not significantly different from the wild-type (Figures 2.2.5b,
2.2.6). However, treatment with BA elicited a different response in the different mutant
classes: whereas the BA-induced protein synthesis level in the rack1a-1 rack1c-1 double
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mutant did not differ from that in the wild-type (Figure 2.2.6), the BA-induced protein
synthesis level was lower in all rpl4 mutants (Figure 2.2.5b). Moreover, prolonged growth
on media supplemented with a range of BA concentrations revealed that all
three rpl4 mutants were less sensitive to cytokinin-mediated inhibition of rosette growth,
thus providing additional evidence that cytokinin-induced protein synthesis has a negative
effect on rosette growth (Figure 2.2.5c).
All three rpl4 mutants also had increased tolerance to mannitol-induced osmotic
stress (Figure 2.2.5d) and, similar to the cytokinin-induced changes in protein synthesis,
osmotic stress-induced protein synthesis was reduced in all rpl4 mutants (Figure 2.2.5e).
This strengthens our conclusion that the cytosolic protein synthesis level and osmotic stress
tolerance are negatively correlated.
2.5. DISCUSSION
This study was initiated to explain how gain-of-function of the type-B cytokinin
response activator ARR1 suppresses kanamycin resistance. Analyses of the effects of other
compounds on ARR1 overexpression lines revealed that increased ARR1 action enhances
the toxicity of compounds that promote mistranslation (e.g. kanamycin) and increases
tolerance to antibiotics that inhibit protein synthesis without causing mistranslation (e.g.
spectinomycin). Previous studies on persister cells (bacterial cells that are highly
recalcitrant to different antimicrobial agents) have shown that tolerance to mistranslationinducing aminoglycosides can be achieved by reducing the protein synthesis rate [191,
192]. Therefore, we hypothesized that altered protein synthesis rates in ARR1
overexpression lines might be responsible for the hypersensitivity to aminoglycoside
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antibiotics that affect translational fidelity. Indeed, we found that cytokinin has a promotive
effect on translation. We show that whereas ARR1 gain-of-function lines had higher
protein synthesis rates, strong cytokinin-insensitive mutants had decreased protein
synthesis rates (and an antibiotic sensitivity profile opposite to that of the ARR1 gain-offunction lines). A surprising finding was that cytokinin affected cytosolic and not
organellar translation. Knowing that kanamycin predominantly impacts prokaryotic
translation, we expected that primarily organellar protein synthesis would be affected.
However, in addition to our study, there are other reports of aminoglycosides impacting
eukaryotic ribosome function and causing cytosolic misreading and accumulation of
misfolded proteins [193, 194].
Previous studies have shown that cytokinin treatments increase protein synthesis
rates [55, 57, 68, 195]. This effect was attributed to cytokinin/tRNA interactions that
increase the affinity of ribosomes for aminoacyl-tRNAs and thus improve the codon
recognition in polyribosomal complexes [195]. However, here we show that the
stimulatory effect of cytokinin on protein synthesis involves the canonical cytokinin
response pathway and that this effect is diminished in cytokinin-resistant seedlings that
carry defects in two key members of the type-B ARR family of response activators.
Because the effect of exogenous cytokinin on protein synthesis was already visible after
only 1 h of treatment, this promotion of protein synthesis cannot be due to any cytokinininduced changes in plant growth and development as they require a much longer exposure
time to the hormone. Thus, the cytokinin signal probably directly impacts the protein
synthesis machinery by the type-B ARR-dependent transcriptional regulation of genes that
encode translation promotive factors. This is in agreement with other early studies that
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described a promotive effect of cytokinins on the formation of polyribosomes [195-197].
Moreover, recent proteomics studies have revealed that the effect of cytokinin on the
protein synthesis machinery is probably multifactorial as changes in cytokinin content
altered the abundance of proteins involved in ribosome biogenesis as well as in translation
[47, 49]. Although cytokinin influences the levels of different classes of proteins involved
in protein synthesis, we have shown here that the cytokinin effect on protein synthesis is
mainly due to the induction of RPL4A and RPL4D genes that encode an essential
component of ribosomes. We showed that while protein synthesis was still induced
in rpl4 mutants, this induction was substantially weaker than in the wild-type. Moreover,
it remains possible that the cytokinin effect on protein synthesis is entirely mediated by the
induction of these two RPL4 genes, but unfortunately this cannot be tested as rpl4a
rpl4d double mutations appear to be lethal [166].
Another unexpected finding was that the semi-dwarfism of ARR1 gain-of-function
lines is partially the result of their increased protein synthesis rates. Two independent
findings substantiated this conclusion. First, ABA suppressed both the elevated protein
synthesis and the semi-dwarfism of ARR1 gain-of-function lines. Second, rosettes
of rpl4 mutants, which have decreased protein synthesis, were less sensitive to cytokinininduced growth inhibition. This negative correlation between rosette size and protein
synthesis level is somewhat counterintuitive in that it is well established that increased
protein synthesis is associated with rapidly dividing cells as they need higher production
levels of cellular materials to sustain the increased cell cycle rates and thus increased
growth [198]. However, our results are in agreement with a previous study that revealed a
negative correlation between the size of Arabidopsis ecotypes and their protein and
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ribosome content [199]. Therefore, it does appear that optimal growth rates in higher plants
are associated with an optimal protein synthesis rate and that protein synthesis rates that
are higher or lower are detrimental for growth. One potential explanation for this
phenomenon is that higher protein synthesis rates tend to be accompanied by higher protein
degradation rates, which represent a loss of resources to sustain growth. However, higher
protein synthesis and degradation rates could be beneficial in fluctuating environments that
require faster remodeling of the proteome to maintain homeostasis [199].
Another unexpected result was the association between increased protein synthesis
in the ARR1 gain-of-function lines and their hypersensitivity to osmotic stress. This finding
seems paradoxical given that osmotic stress increases protein synthesis rates in wild-type
plants and that this increase requires a functional cytokinin response pathway. It was shown
previously that the endogenous cytokinin concentration transiently rises upon exposure to
moderate stress conditions and that it is maintained at high concentrations as the severity
of the stress increased [200, 201]. This also suggested that increased cytokinin action plays
an essential role in the stress response of plants [201]. However, loss of cytokinin signaling
has been shown to promote tolerance to osmotic and drought stresses, indicating that
cytokinin action hinders the defense against the actions of these stressors [101-103].
Because we show that increased cytokinin action in ARR1 gain-of-function seedlings
caused both growth inhibition and decreased survival under osmotic stress conditions, our
results are in agreement with the hypothesis that plants have a narrow window for
balancing optimal cytokinin signaling and optimal osmotic stress tolerance, as changes in
cytokinin sensitivity that are too small to affect plant growth already cause a substantial
change in osmotic stress tolerance [101]. Confirmation of the link between cytokinin55

induced protein synthesis and osmotic stress tolerance was obtained by the observation that
osmotic stress tolerance was increased in rpl4 mutants that all have a decrease in cytokinininduced protein synthesis. This was also independently confirmed by the finding that
treatments with the protein synthesis inhibitory hormone ABA suppressed both the
increased protein synthesis and osmotic stress hypersensitivity of ARR1 gain-of-function
lines. Overall, our results reveal that increased protein synthesis has two negative
consequences for plant growth and physiology: it inhibits growth and it renders a plant
more vulnerable to osmotic stress.
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Figure 2. 1. 1: Kanamycin resistance of the Arabidopsis arr1-1 mutant is reversed by
overexpression of wild-type and phosphomimic ARR1. (a) Rosettes of representative 3wk-old
Col-0 (WT)
and arr1-1 plants as
well
as
plants
of
five
independent 35S::ARR1 transgenic lines generated in the arr1-1 background (ARR1 OE)
grown on control media and media containing 35 mg l−1 kanamycin (Km). Bar, 1 cm. (b)
Immunoblotting analyses of ARR1 OE lines using anti-ARR1 antibody. Immunoblotting
analysis with anti-α-tubulin (TUA) is shown as a loading control. (c) Rosettes of
representative 2-wk-old WT, arr1-1 and phosphomimic ARR1 (35S::ARR1D94E ) plants
generated in the arr1-1 background (PM OE) grown on control media and media
containing 70 mg l−1 Km. (d) Growth curves and dose-dependent growth inhibition of
plants grown on Km-supplemented media. Plants were grown for 2 weeks before
measurements of rosette fresh weight. Normalized fresh weight (FW) is presented as
mean ± SD (n ≥ 12). Significant differences were analyzed between WT and other plant
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lines using two-way ANOVA with Bonferroni's multiple comparisons test: *, P < 0.05;
***, P < 0.001; ****, P < 0.0001.

Figure 2. 1. 2: Two-week-old Col-0 (WT), arr1-1, PM OE (35S::ARR1D94E in arr1-1
background) and ARR1 OE #5 (35S::ARR1 in arr1-1 background) plants were used for
protein extraction. Region of the Ponceau S-stained membrane encompassing RuBisCO
large subunit (LSU) is shown as a loading control.
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Figure 2. 1. 4: ARR1 gain-of-function Arabidopsis lines have increased tolerance to
spectinomycin and chloramphenicol and are hypersensitive to L-canavanine. (a) Growth
inhibition of 2-week-old Col-0 (WT), arr1-1 , ARR1 OE (35S::ARR1 arr1-1 ) and PM OE
(35S::ARR1D94E arr1-1 ) plants grown on media with 3.75 mg l−1 spectinomycin or
5 mg l−1 chloramphenicol. Fresh weights of seedlings were measured and data for each line
were normalized to the fresh weight (FW) of the control plants that were assigned the value
of 1. Data are presented as mean ± SD (n ≥ 10). **, P < 0.01; ****, P < 0.0001 (two-way
ANOVA with Bonferroni's multiple comparisons test). (b) Normalized FW of 3-wk-old
WT, arr1-1 and ARR1 gain-of-function lines (ARR1 OE and PM OE) grown on 10 µM Lcanavanine. The weight of the control seedlings of each line was assigned the value of 1.
Data are mean ± SD (n ≥ 10). *, P < 0.05; ***, P < 0.001 (two-way ANOVA with
Bonferroni's multiple comparisons test, significant levels were assessed with respect to
WT). (c) Normalized FW of the WT, arr1 single and double mutants and
the ahp pentuple (ahp pent.) mutant grown for 3 weeks on 20 µM L-canavanine. Fresh
weights were normalized to the fresh weights of seedlings grown on control media and
presented as mean ± SD (n ≥ 10). *, P < 0.05; **, P < 0.01 (two-way ANOVA with
Bonferroni's multiple comparisons test with respect to WT).

60

Col
arr1-1
arr 1-3 arr10-5
arr1-3 arr12-1
ahp 1,2,3,4,5

Figure 2. 1. 5: Confocal microscopic analyses of aggresome formation. a. Confocal and
corresponding DIC micrographs of roots of three-day-old seedlings treated for 12 hours
with 140 mg/l kanamycin or 10 µM MG132 (positive control) and then stained using the
ProteoStat Aggresome Detection Kit. Red color indicates the fluorescence of aggregates.
Scale bar = 60 µm. b. and c. Representative confocal and corresponding DIC micrographs
of roots of three-day-old seedlings of the denoted wild-type, mutant and transgenic lines,
treated for four hours with 100 µM puromycin and subsequently stained using the
ProteoStat Aggresome Detection Kit. Red color indicates the fluorescence of aggregates.
Scale bar = 60 µm.
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Figure 2. 1. 6: Gain of ARR1 function increases the accumulation of misfolded protein
aggregates. (a) Representative confocal and corresponding differential interference
contrast (DIC) micrographs of Arabidopsis roots of 3-d-old Col-0 (WT), arr1-1 , ARR1
OE (35S::ARR1 arr1-1 ) and PM OE (35S::ARR1D94E arr1-1 ) seedlings treated with
70 mg l−1 kanamycin (Km) for 12 h and then stained using the ProteoStat Aggresome
Detection Kit. Red color indicates the fluorescence of aggregates. Bars, 60 µm. (b)
Confocal and corresponding DIC micrographs of roots of 3-d-old seedlings treated for 4 h
with 100 µM puromycin or 10 µM MG132 and then stained using the ProteoStat
Aggresome Detection Kit. Bars, 60 µm. (c) Quantification of aggresome accumulation in
roots of 3-day-old ARR1 gain-of-function and loss-of-function lines. Normalized
fluorescence per unit area is presented as mean ± SD (n ≥ 6). Significance levels were
analyzed between WT and other plant lines using two-way ANOVA with Bonferroni's
multiple comparisons test: ***, P < 0.001; ****, P < 0.0001.
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Figure 2. 1. 7: Cytokinin promotes protein synthesis in Arabidopsis. (a) SUnSET analyses
of 7-d-old Col-0 (WT) and ARR1 loss-of-function mutant, arr1-3 arr12-1 treated with
denoted doses of benzyladenine (BA) for 1 h followed by a 30-min treatment with 50 µM
puromycin. Representative immunoblot with anti-puromycin antibody and the
corresponding Ponceau S-stained membrane showing the RuBisCO large subunit (LSU)
are shown. The unlabeled protein on the anti-puromycin immunoblot (indicated by the red
asterisk) is ~55 kDa and is probably the LSU. (b) SUnSET analyses of the ipt -161
transgenic line. Seven-day-old WT and ipt- 161 plants were treated with 50 µM puromycin
for 30 min before protein extraction and immunoblotting. The area for which the signal
intensity was quantified is marked with the red bracket. Ponceau S-stained membrane
showing the RuBisCO LSU is shown as a protein loading control. (c) Quantification of
newly synthesized protein levels in WT and ipt -161. Signal strength was determined
by ImageJ software for the region highlighted in (b). Quantification was done for two
independent biological replicates and two technical replicates. Peak signal intensity levels
are represented as mean ± SD (n = 4). (d) SUnSET analyses of control and 10 µM
cycloheximide (CHX)-treated rosettes of 1-month-old WT, arr1-1 , ARR1 OE (35S::ARR1
arr1-1 ) and PM OE (35S::ARR1D94E arr1-1 ) plants. Newly synthesized protein levels
were determined after a 4-h CHX treatment followed by 40 min incubation with 50 µM
puromycin. Immunoblot of puromycin-labeled protein is shown with ponceau S-stained
membrane that shows the levels of RuBisCO LSU. (e) SUnSET analyses of CHX-treated
7-d-old plants. Plants used for the analyses were treated with CHX for 4 h and then with
50 µM puromycin for 40 min. (f) Analyses of the purity of chloroplastic isolates.
Immunoblotting was done by using the mitochondrial marker protein cytochrome oxidase
subunit II (COXII), chloroplastic marker protein cytochrome-f (Cyt f) and cytoplasmic
marker protein actin. The region of the Ponceau S-stained membrane encompassing
RuBisCO LSU is shown as a loading control. (g) SUnSET analyses of chloroplastic protein
synthesis in leaves of 27-days-old plants. Isolated chloroplasts were treated with 50 µM
puromycin for 20 min and lysed, and the isolated total protein extracts were analyzed by
immunoblotting using anti-puromycin antibodies.
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Figure 2. 1. 8: Osmotic stress induces protein synthesis via the cytokinin response
pathway. (a) Kinetic analyses of mannitol-induced de novo protein synthesis in the
Arabidopsis wild-type (WT) and arr1-3 arr12-1 plants. SUnSET analyses were done on 7d-old seedlings treated with 200 mM mannitol for the denoted time intervals. *, LSU, large
RuBisCO subunit. (b) Mannitol-induced de novo protein synthesis is increased in ARR1
OE (35S::ARR1 arr1-1 ) and ipt -161 plants. SUnSET analyses were done using 7-day-old
seedlings treated with 200 mM mannitol for 1 h. (c) Mannitol treatments induce
ARR5::GUS expression. Four-day-old seedlings were first treated with the denoted
concentrations of mannitol or benzyladenine (BA) for 23 h and then incubated with the
GUS substrate for 7.5 h. Bar, 2 mm. (d) Hypersensitivity of ARR1 OE (35S::ARR1 arr11 ) and PM OE (35S::ARR1D94E arr1-1 ) plants to mannitol. The length of the primary roots
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Data are presented as mean ± SD (n ≥ 12). Significant differences were assessed with
respect to WT using two-way ANOVA with Bonferroni's multiple comparisons test:
**, P < 0.01; ***, P < 0.001. (e) Hypersensitivity of the ARR1 OE (35S::ARR1 arr1-1 )
and PM OE (35S::ARR1D94E arr1-1 ) plants after 35 d of growth on 200 mM mannitolsupplemented media. Three representative plants are shown for each line for the mannitol
treatment
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and osmotic stress hypersensitivity in Arabidopsis. (a) Seven-day-old Col-0 (WT), arr11 , ARR1 OE (35S::ARR1 arr1-1 ), PM OE (35S::ARR1D94E arr1-1 ) and arr1-3 arr121 seedlings were treated with 200 µM abscisic acid (ABA) for 1 h and then used for
SUnSET analyses. A region of the Ponceau S-stained membrane that includes the
RuBisCO large subunit (LSU) is shown as a loading control. The unlabeled protein on the
anti-puromycin immunoblot (indicated by the red asterisk) is ~ 55 kDa and is probably the
LSU. (b) Global protein synthesis in the WT seedlings grown in media containing ABA or
ABA and benzyladenine (BA). Seedlings grown for 2 wk on media containing a range of
ABA doses or media containing the same doses of ABA and 50 nM BA were used for the
SUnSET analyses. (c) Effect of ABA treatments on the fresh weight (FW) of ARR1 gainof-function plants. Seedlings grown for 18 days on media containing the denoted doses of
ABA were weighted in pools (five seedlings each). Data were normalized to the FW of
plants grown on control media and are presented as mean ± SD (n = 4). The significance
of the difference between the WT and the overexpression lines was calculated using two67

way ANOVA with Bonferroni's multiple comparisons test) and marked in the graph using
color-coded asterisks (****, P < 0.0001). (d) Effects of ABA treatments on the FW of
plants grown on mannitol. Seedlings were grown for 2 week on media supplemented with
200 mM mannitol and the denoted doses of ABA. FWs were measured in pools of five
seedlings and normalized to the FW of plants grown on mannitol-only media. Data are
presented as mean ± SD (n = 3). Statistical analyses were performed as in (c)
(*, P < 0.05).

ABA (µ M)

Figure 2. 2. 1: ABA suppresses protein synthesis in ARR1 gain-of-function lines.
Sterilized seeds of Col-0 (WT), ARR1 OE, PM OE, arr1-1 and arr1-3 arr12-1 were sown
and grown in control media for five days. Seedlings of the same size were then transferred
to media supplemented with abscisic acid (ABA) at denoted concentrations and grown for
another two weeks. Seedlings were then harvested, treated with 50 µM puromycin for 30
minutes and used for total protein extraction. Proteins were resolved by 7.5% SDS-PAGE,
transferred to the nitrocellulose membrane. Immunoblotting was done using the antipuromycin antibody. The RuBisCo Large Subunit (LSU) is shown as the protein loading
control.
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Figure 2. 2. 2: Abscisic acid (ABA) promotes growth of cytokinin-treated wild-type plants.
a. Rosettes of Col-0 seedlings (WT) grown in denoted doses of ABA or benzyladenine
(BA) and ABA. Seedlings were sown and grown on control media for 5 days and then
transferred to media supplemented with the denoted doses of ABA or BA and ABA.
Seedlings were grown for another 2 weeks. b. and c. Average fresh weight (FW; b) and
average rosette area (c) of Col-0 seedlings shown in (a). Pools of 6 seedlings were measured
for the fresh weight readings and the fresh weight data is presented as mean ± SD (n=5).
Rosette area was measured by using ImageJ software and the data are presented as mean ±
SD (n≥35).
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Figure 2. 2. 3: Abscisic acid (ABA) promotes growth of ARR1 gain-of-function lines. The
wild-type (WT, Col-0), ARR1 OE and PM OE seeds were sown and grown on control
media for five days and then transferred to ABA-supplemented media. Representative
plants were arranged on a separate plate after two weeks of growth and photographed.
Scale bar = 10 mm.

Control

20 µM t-zeatin2 hours

Figure 2. 2. 4: Cytokinin-induction of RACK1 genes. The cytokinin-induced gene
expression of RACK1A, RACK1B and RACK1C was determined using the hormone data
source of the Arabidopsis Electronic Fluorescent Pictograph browser in the relative mode
(Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ. 2007. An "Electronic
Fluorescent Pictograph" browser for exploring and analyzing large-scale biological data
sets. PLoS One 2(8): e718). The average expression levels are ranging from yellow (low
intensity) through to red (high intensity).
70

b
RPL4A
(At3g09630)

Control

RPL4D
(At5g02870)

Intensity

20 µM
t-zeatin
WT
rpl4a-4
rpl4d-1
rpl4a-2

1.2
1.0

**

0.8

*

e
rpl4a-4 rpl4a-2 WT rpl4d-1
Mannitol + - + - + - +

0.6
0.4
0

1

3 5 7
BA (nM)

d
Normalized FW

rpl4a-4 rpl4a-2 WT rpl4d-1
- + - + - + - +

LSU

10

Puromycin-labeled
proteins

Normalized FW

c

BA
Puromycin-labeled
proteins

a

WT
rpl4a-4
rpl4d-1
rpl4a-2

1.5
****

1.0

****

0.5

*
*

LSU
0

25
50
100
Mannitol (mM)

Figure 2. 2. 5: Cytokinin-induced protein synthesis requires RPL4A and RPL4D . (a)
Relative expression levels of RPL4A and RPL4D after 3 h of treatment with
cytokinin trans -zeatin (t -zeatin). The data were obtained from the Arabidopsis eFP
Browser (Winter et al., 2007). Average expression levels range from yellow (low intensity)
to red (high intensity). (b) Protein synthesis rates in rpl4 mutants grown on benzyladenine
(BA)-supplemented media. wild-type (WT) and mutant plants grown for 2 weeks on media
supplemented with 50 nM BA were used for SUnSET analyses. Representative
immunoblot and the corresponding Ponceau S-stained membranes showing the RuBisCO
large subunit (LSU) are shown. (c) Effect of BA treatments on the growth of rpl4 plants.
Seedlings grown for 2 weeks on media supplemented with the denoted doses of BA were
weighted in pools of five. Data are normalized to the fresh weight (FW) of plants grown
on control media and are presented as mean ± SD (n = 3). Significant differences between
the weights of the WT and rpl4 seedlings were calculated using two-way ANOVA with
Bonferroni's multiple comparisons test: **, P < 0.01. (d) Effect of mannitol treatments on
FW. Two-week-old WT and rpl4 seedlings grown on media supplemented with denoted
doses of mannitol were weighted in pools (five seedlings each). Data are presented as in
(c). Significant differences between the weights of the WT and rpl4 mutants were
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calculated using two-way ANOVA with Bonferroni's multiple comparisons test:
****, P < 0.0001. (e) Protein synthesis rates in rpl4 mutants grown on mannitolsupplemented media. WT and mutant plants were grown for 2 weeks on media
supplemented with 50 mM mannitol and then used for SUnSET analyses. Representative
immunoblot and the corresponding Ponceau S-stained membrane showing the RuBisCO
LSU are shown.

Figure 2. 2. 6: Effects of benzyladenine (BA) and mannitol treatments of global protein
synthesis in a rack1a rack1c double mutant. a. SUnSET analyses of seven-day-old
seedlings treated with denoted doses of BA for one hour followed by a 30-minute-long
treatment with 50 µM puromycin. Representative immunoblot with anti-puromycin
antibody and the corresponding Ponceau S-stained membrane showing the RuBisCO large
subunit (LSU) are shown. The unlabeled protein marked by the red asterisk (~55 kDa) is
LSU. b. SUnSET analyses of seven-day-old seedlings treated with mannitol. Seedlings
were treated with 200 mM mannitol, rinsed and then treated with for 30 minutes with 50
µM puromycin. Representative immunoblot with anti-puromycin antibody and the
corresponding Ponceau S stained membrane showing the RuBisCO large subunit (LSU)
are shown.
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CHAPTER 3.
CYTOKININ SIGNALING PROMOTES TOLERANCE TO OXIDATIVE STRESS
AND HEAT STRESS

3.1. SUMMARY
In addition to its well-established role in plant development, the hormone cytokinin
is important for how plants respond to their biotic and abiotic environments. It was
previously shown that cytokinin signaling acts negatively upon osmotic stress tolerance.
Here we show that in contrast, cytokinin signaling acts positively upon both oxidative and
heat stress tolerance. Gain-of-function of the cytokinin response activator ARR1 leads to a
constitutive cytokinin response phenotype and these transgenic lines accumulate more
oxidized proteins but are also more tolerant to the oxidative stress inducer paraquat. ARR1
gain-of-function lines are also more tolerant to heat stress while cytokinin resistant mutants
are heat stress hypersensitive. These heat stress sensitivity differences are correlated with
different accumulation levels of various Heat Shock Proteins that are upregulated in ARR1
gain-of-function lines and downregulated in cytokinin resistant mutants. Collectively,
these results indicate that the cytokinin signaling intensity in plants represents a balancing
act between suppressing osmotic stress tolerance and enhancing heat and oxidative stress
tolerance.

Keywords: oxidized proteins, oxidative stress, heat stress, heat shock proteins
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3.2. INTRODUCTION
An abiotic stressor is every non-living factor that prevents a plant from reaching its
maximal growth and reproductive potential, some examples being extremes in temperature,
water and nutrient availability, and extremes in radiation [202-204]. Heat stress, for
example, arises when plants are exposed to conditions in which the temperature rises to a
level that disrupts normal physiological functions. To minimize heat stress-generated
damage, plants have evolved both long-term evolutionary phenological and morphological
adaptations and short-term heat avoidance or acclimation mechanisms such as adjustment
of leaf orientation, transpirational cooling, or alteration of membrane lipid compositions
[205-207]. Many plants have evolved to face the warmer months of the year by leaf
abscission, producing resistant buds, or adjusting the life cycle to complete the entire
reproductive cycle during the cooler months [208].
Besides these developmental adaptations to high-temperature conditions, plants
have mechanisms to adjust their physiology to cope with heat stress, and this is known as
heat acclimation [209]. This acquired thermotolerance in plants is based on the induction
of Heat Shock Proteins. Heat Shock Proteins (HSPs) are a group of highly conserved
molecular chaperones that play a role in protein folding, translocation, assembly, and
degradation [210-212]. Although some HSPs are constitutively expressed, most of the
HSPs are rapidly upregulated when plants sense heat stress-related stimuli. In Arabidopsis,
the induction of HSPs can be seen under environmental stress conditions like low
temperature, osmotic, salinity, oxidative, desiccation, high-intensity irradiation, wounding,
and heavy metals stresses [213]. These HSPs are classified into five major families in both
animals and plants: HSP100, HSP90, HSP70, HSP60, and small HSP (sHSP) based on
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their molecular weight [214, 215]. Small HSPs are comprised of proteins ranging between
15 to 42 kDa (molecular weight of a monomer) and they exist in oligomeric assemblies of
2-48 subunits [216, 217]. Under stress conditions, HSPs interact with other proteins and
co-chaperones to regulate plant growth and survival. Several studies suggest that Heat
shock factors (Hsfs), which are transcriptional activators of heat shock genes interact with
the plant redox system to regulate the acclimation process in response to heat stress [218,
219].

One of the common consequences of different abiotic stresses is an increase in
cellular levels of reactive oxygen species (ROS). Although ROS are generated in cells as
by-products of normal metabolism, stress conditions cause excessive production of ROS
such as superoxide anion (O2–•), H2O2, and hydroxyl radical (OH·) [220-222]. This
disturbance in normal redox state damages cell membranes through lipid peroxidation and
causes the oxidation and dysfunction of proteins, DNA, and RNA [223-227].
Plants have developed several enzymatic and non-enzymatic antioxidant systems
to balance ROS levels and maintain normal physiological functions [228, 229]. ROS
scavenging compounds such as membrane-localized α-tocopherols, plastid-localized
carotenoids, the amino acid proline, flavonoids, polyamines, ascorbate, and Cys-containing
tripeptide glutathione help in maintaining ROS levels below a critical threshold [228, 230234]. The enzymatic antioxidants include SUPEROXIDE DISMUTASE, CATALASE,
ASCORBATE

PEROXIDASE,

GLUTATHIONE

PEROXIDASE,

and

PEROXIREDOXIN enzymes that degrade different types of ROS [235-237].
Recent studies on cytokinin have revealed its potential regulatory role in both heat
and oxidative stress responses [120, 123, 125, 238, 239]. In the early phase of heat stress
76

response, the regulatory role of cytokinin on stomata opening followed by the leaf
transpiration was found to be crucial [123, 238]. Further, a majority of heat stress induced
genes have been found to be affected by cytokinin [120]. Cytokinins were also found to
stimulate the antioxidant system and have a regulatory role in maintaining the
photosynthesis process during heat stress [125, 239]. The present study was conducted to
assess the role of the type-B ARR cytokinin response activators in heat and oxidative stress
tolerance.

3.3. MATERIALS AND METHODS
3.3.1. Plant materials and growth conditions
The lines used were Arabidopsis (Arabidopsis thaliana L. Heynh) Columbia 0
(Col-0) as the wild-type and the Col-0 mutants and transgenic lines arr1-1 [163], arr1-3
arr10-5 [45], arr1-3 arr12-1 [45], ahp1,2,3,4,5 [164], ipt-161 [165]. Except for ipt-161,
all lines were obtained from the ABRC Seed Stock Center. Wild-type ARR1
overexpression line and phosphomimic ARR1 expression line in the arr1-1 mutant
background and ARR5 overexpression line in the Col-0 background were previously
described [165, 240]. For all experiments, seeds were surface sterilized, moist chilled for
one day, and plated on half-strength Murashige and Skoog medium containing 1% sucrose
and 0.8% PhytoAgar (MS/2, pH 5.7). Plants were grown in a growth chamber at 22°C
under continuous light (80 µmol m−2 s−1).
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3.3.2. Detection of oxidized proteins
Oxidized protein levels were essentially analyzed as previously described [241]. In
brief, seven-day-old, sterile-grown seedlings were removed from a growth media and
transferred to a tube with either an aqueous solution of a test compound or a tube with
water. Samples were kept in the growth chamber for 4 hours, after which they were frozen
in liquid nitrogen. Total proteins were extracted in 1.25 volumes of the extraction buffer
(PEB: 50 mM potassium phosphate buffer, pH 7.0, 2 mM MgCl2, 5% (v/v) glycerol and 5
mM β-mercaptoethanol). The extracts were clarified by centrifugation at 8000 g for 15 min
at 4ᵒC. The protein concentration in the supernatant was determined using the Coomassie
Plus protein assay reagent (Bio-Rad), and the protein concentration of all samples was
adjusted to a same level with PEB buffer prior to derivatization.
DNPH (2,4-dinitrophenylhydrazine) derivatization was performed according to
Levine et al., 1994 [242]. For that, one volume of protein extraction was mixed with one
volume of 12% (w/v) SDS and two volumes of 20 mM DNPH (Sigma) in 20% (v/v)
trifluoroacetic acid (Sigma). The mixture was incubated for 30 minutes at 24°C and
neutralized with 1M Tris base in 30% (v/v) of glycerol. After neutralization, one volume
of 2x Laemmli sample buffer was added. Proteins were denatured, separated on 4-20%
gradient gel, and transferred to a nitrocellulose membrane. Immunoblotting was performed
as previously described [241]. Antibodies used were anti-DNP (2,4-dinitrophenyl) (1:1000
dilution; Sigma) and peroxidase-labeled goat anti-rabbit immunoglobulins (1:1000
dilution; Santa Cruz Biotechnology).
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3.3.3. Oxidative stress tolerance test
Plants were grown in MS/2 media supplemented with 0.1 µM to 0.9 µM paraquat
(PQ; 1,1′-dimethyl-4,4′-bipiridynium dichloride, Sigma) for 19 days. Fresh weight was
measured in pools of 5 seedlings and presented as normalized to the fresh weight of plants
of the same line grown on control media.

3.3.4. SUnSET analysis
Sunset analysis was essentially done as described [243]. In brief, seven-day-old
seedlings were incubated in either PQ solution or water for 2 hours, then rinsed, blotted,
and treated with 50 µM puromycin for 30 minutes. Total proteins were extracted and 7.5%
SDS polyacrylamide gels were used for protein separation. The newly synthesized proteins
were detected by immunoblotting with the anti-puromycin antibody (1:20,000 dilution;
Millipore Sigma) and horseradish peroxidase-conjugated goat anti-mouse secondary
antibody (1:1000; SantaCruz Biotechnology).

3.3.5. Heat shock treatments and immunoblotting of heat shock proteins
Seedlings were grown for seven days on MS/2 media in growth chamber set at
22°C. Half of the samples were then transferred to an illuminated incubator set at 40°C and
heat-shocked for one or two hours. For extraction of total proteins, seedlings were weighed,
and three volumes of 2x Laemmli sample buffer were added. Tissue was disrupted using
zirconium beads in a bead beater, and the debris was pelleted by centrifugation. Protein
extracts were loaded onto 2-40% SDS polyacrylamide gels and transferred to nitrocellulose
membranes. Membranes were blocked using 10% (v/v) fat-free milk and washed with PBS
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containing 0.2% (v/v) Tween-20. Heat Shock Proteins were detected by immunoblotting
with the primary antibodies of Arabidopsis anti-HSP17.6 (1:5000 dilution; Agrisera), antiHSP70 (1:5000; Agrisera), anti-HSP90 (1:5000 dilution; Agrisera), anti-Bip (1:5000
dilution; Agrisera), anti-HSP21 (1:5000 dilution; Agrisera) and anti-HSP23.6 (1:5000
dilution; Agrisera). The secondary antibodies used (1:1000; horseradish peroxidaseconjugated goat anti-rabbit antisera) were obtained from SantaCruz Biotechnology (Santa
Cruz, CA, USA). All immunoblots were developed using SuperSignal West Femto
substrate (Thermo-Pierce, Rockford, IL, USA) using a ChemiDoc XRS molecular imager
(Bio-Rad).

3.3.6. Heat shock response assays
Basal seed thermotolerance was tested using the protocol described by Hong and
Vierling [244]. In this heat shock response assay, the seeds were sterilized, sown on MS/2
media, moist chilled, and either exposed to light for 4 hours at 45°C (heat-shocked samples)
or exposed to light at 22°C (control samples). The plates were then wrapped in aluminum
foil and transferred to a growth chamber set at 22°C, where they were kept for three days.
The etiolated seedlings were photographed, and their hypocotyl lengths were measured by
using ImageJ software.
In the leaf disc assay, the leaf discs were punched out from mature leaves of 30day-old soil-grown plants transferred to 12-well cell culture plates with 10 mM MES-KOH
buffer, pH 6.8 (2 ml per well). Control samples were kept at 22°C and the test samples
were kept at 45°C for 2.5 hours. Heat-shocked samples were then returned to 22°C and leaf
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discs were photographed after two days. The chlorophyll content was measured using a
CCM 300 chlorophyll content meter (Opti-Sciences).

3.3.7. Statistical analyses
Descriptive statistics, plotting and hypothesis testing were done by using Prism 5.0a
(GraphPad Software Inc., La Jolla, CA, USA). All data are presented as mean ± SD or
mean ± SEM. The number of independent samples per replicate is indicated in the Figure
Legends. When means of more than two samples were compared, two-way non-parametric
ANOVA followed by Bonferroni’s post hoc test was used to calculate the significance of
differences between pairs of means.

3.4. RESULTS
3.4.1. Oxidative stress response in cytokinin related transgenic and mutant lines
This study stems out from our finding that ARR1 overexpression lines are more
sensitive to kanamycin (Km) than the wild type (Chapter 2). Because Km is known to cause
oxidative stress, in this chapter, we tested the effects of Km on oxidative stress related
oxidized protein accumulation and this was analyzed in ARR1 gain-of-function transgenic
and type-B ARR mutant lines.
Protein oxidation in response to higher transcriptional and translational errors have
been reported in bacterial systems [245]. As stated in chapter 2, Km affects the translational
fidelity by misreading the mRNA. To test if Km treatments increase the level of oxidized
proteins in Arabidopsis, wild-type seedlings were treated with a range of Km doses and
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with paraquat (PQ), a frequently used oxidative stress-inducing compound [246].
Immunoblotting analyses of DNPH-derivatized proteins showed that Km treatments led to
an accumulation of oxidized proteins in wild-type plants, and that the levels of oxidized
proteins were as high as in PQ-treated seedlings after treatments with Km concentrations
of higher than 70 mg/l (Figure 3.1.1 (a)).
Next, we compared the oxidized protein levels in ARR1-related transgenic
seedlings treated with 140 mg/l Km (Figure 3.1.1 (b)). Higher levels of oxidized proteins
were detected in the Km-treated ARR1 overexpression line, ARR1 OE #5, in which ARR1
is overexpressed 1.3-times more than ARR1 OE #4 [247], suggesting that a correlation
between oxidized protein accumulation is positively correlated to the ARR1 expression
level. The accumulation of oxidized proteins was even more pronounced in the PM OE
line, that expresses a constitutively active ARR1 version, and that has a more pronounced
constitutive cytokinin response compared to ARR1 OE lines [247].
The next question was whether the increase in oxidized protein levels induced by
Km and the increase that results from ARR1 gain-of-function are additive. We tested that
on two independent PM OE lines generated in Col-0 background (Figure 3.1.2). Under
control conditions, higher oxidized protein levels were detected in both PM OE lines when
compared to wild-type seedlings, and these levels were further increased in response to Km
treatment. This shows that increase in cytokinin signaling promotes the accumulation of
oxidized proteins in plants.
To further investigate the function of major type-B ARRs in oxidized protein
accumulation, we determined the levels of oxidized proteins in higher order type-B ARR
mutants treated with the cytokinin benzyladenine (BA). Interestingly, we observed that for
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untreated plants, all tested double and triple loss-of-function mutants had higher levels of
oxidized proteins compared to the arr1-1 single mutant and that there was no significant
differences in oxidized protein levels between the control and BA-treated samples (Figure
3.1.3). This result suggested that both decreased and increased cytokinin signaling promote
oxidized protein accumulation.
It was shown in the previous chapter that ARR1 gain-of-function lines have higher
protein synthesis rates (Figure 2.1.7 (d), [243]). An increase in protein synthesis is
accompanied by the formation of more misfolded proteins, especially when combined with
abiotic stress [243]. An increase in the cellular load of misfolded proteins causes
endoplasmic reticulum (ER) stress and activates the unfolded protein response (UPR;
[248]). To test weather Km treatments induce the UPR, we analyzed the expression levels
of the ER-resident molecular chaperone BiP (BINDING IMMUNOGLOBULIN
PROTEIN), a commonly used UPR marker (BiP) [249-251]. Analysis of BiP levels in
wild-type plants treated with 70 mg/l Km revealed that although Km promotes the
formation of oxidized proteins (Figure 3.1.1, Figure 3.1.4 (a)), it did not affect BiP
accumulation (Figure 3.1.4 (b)). Analysis of BiP levels in wild-type and cytokinin-related
plants treated with 70 mg/l Km revealed that Km treatment does not affect the BiP protein
levels, and suggested that neither Km treatments or cytokinin-regulated changes in protein
synthesis levels trigger the UPR (Figure 3.4.(b)).
It was shown in the previous chapter that ARR1 gain-of-function lines have higher
protein synthesis rates (Figure 2.1.7 (d), [243]). Here, we tested whether PQ alters protein
synthesis rates in the wild type and cytokinin-related mutant and transgenic lines in a
differential manner (Figure 3.1.5). PQ treatment caused a mild induction of protein
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synthesis in wild-type seedlings, and further increased the already elevated protein
synthesis levels in both the ARR1 OE #5 line and the cytokinin-overproducing line ipt161. PQ did not induce protein synthesis in the cytokinin resistant arr1-3 arr12-1 double
mutant line, indicating that, similar to osmotic stress (see Chapter 2), oxidative stress
promotion of protein synthesis requires an intact cytokinin response pathway. However,
contrary to osmotic stress for which the increased protein synthesis in ARR1 gain-offunction lines caused hypersensitivity to this stress, these same lines were more tolerant to
oxidative stress (Figure 3.1.6). Surprisingly, the triple mutant, arr1-3 arr10-5 arr12-1,
which also has higher oxidized protein levels (Figure 3.1.3) showed higher tolerance to PQ
induced oxidative stress compared to the WT and to two different combinations of double
mutants comprising the triple mutant (Figure 3.1.6 (b)). These results suggest that plant
lines with higher oxidized protein levels show a better survival in oxidative stress
conditions.

3.4.2. Heat shock response in cytokinin related transgenic and mutant lines
Heat stress is another common environmental stress condition that negatively
impacts plant growth and survival. In order to assess the role of cytokinin signaling in heat
shock tolerance, cytokinin-related transgenic and mutant lines were tested for heat shockinduced inhibition of hypocotyl elongation (Figure 3.1.7). Heat shock inhibition of
hypocotyl elongation was reduced in ARR1 OE #4, ARR1 OE #5 and PM OE lines, and
enhanced in the arr1-1 mutant (Figure 3.1.7 (a) and (b)). We also tested mutant lines that
have stronger cytokinin resistance than arr1-1. Compared to arr1-1, heat shock
hypersensitivity was enhanced in the arr1-3 arr10-5 double mutant but not in the
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ahp1,2,3,4,5 pentuple mutant that combines loss of function of all five AHPs. (Figure 3.1.7
(c) and (d)). This suggested that the type B-ARRs are important for plant thermo tolerance.
Increased heat stress tolerance of ARR1 gain-of-function lines was independently
confirmed using a heat shock leaf disc assay aimed at monitoring the effects of heat stress
on chlorophyll content and thus leaf disc viability (Figure 3.1.8). The excised leaf discs
were heat shocked at 45°C for 2.5 hrs and two days post treatment, the leaf discs of arr11, wild type, arr1-3 arr10-5, arr1-3 arr12-1 and ARR5 OE became chlorotic whereas the
leaf discs of ARR1 OE #5 and PM OE remained mostly green (Figure 3.1.8 (a)). The
chlorophyll levels were the lowest in arr1-3 arr12-1 and the highest in the PM OE line
(Figure 3.1.8 (b)), confirming that ARR1, and type-B ARRs in general, promote heat shock
tolerance.
To investigate the role of cytokinin in heat shock tolerance at the molecular level,
we analyzed the constitutive and heat-shock induced levels of a set of HEAT SHOCK
PROTEINS (HSPs). We tested the expression of cytosolic (HSP70, HSP17.6 and HSP90),
chloroplastic (HSP21), mitochondrial (HSP23.6) and the ER (BiP) HSPs. HSP induction
was assessed in cytokinin-related mutant and transgenic lines after 1 or 2 hours of heat
shock treatments at 40°C (Figure 3.1.9). Both ARR1 OE and PM OE had higher Hsp70
levels in the untreated samples compared to the wild type and arr1-1 mutant. Heat shock
treatment of the wild type induced Hsp70 to a similar level, but this induction was not
observed in the arr1-1 mutant line. Clear differences in HSP90 protein levels between the
plant lines at control conditions or at heat shocked conditions were not detected. In contrast
to HSP70 and HSP90, cytosolic HSP17.6 was not observed in control samples, but the heat
shock induction of this protein was more pronounced in the ARR1 OE and PM OE lines
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after 1 hour of heat shock treatment. The BiP level was not affected by either the treatment
or the genetic background of the sample (Figure 3.1.9). Chloroplastic and mitochondrial
HSP levels increased in heat-shocked samples. Compared to the wild type, higher levels of
HSP21 were observed in ARR1 gain-of-function lines in response to 2 hrs of heat shock
while increased induction of HSP23.6 was only observed in the PM OE line and only in
response to a 1-hour-long heat shock treatment.
To independently assess the role of cytokinin in heat shock protein induction, we
used the cytokinin-overproducing ipt-161 transgenic line [172]. In this line, there was
increased induction of HSP17.6 and HSP23.6 in response to 1 hour of heat stress, while
the HSP21 level was already higher than in the wild type under control conditions, thus
confirming the stimulatory effect of cytokinin on both chloroplastic and mitochondrial
HSPs (Figure 3.2.1). No differences were observed for the Bip, HSP70 and HSP90 protein
levels.
Finally, the heat shock induction of HSPs was analyzed in the cytokinin resistant
type-B ARR mutants arr1-1, arr1-3 arr10-5, arr1-3 arr12-1 and in a transgenic line that
overexpresses the cytokinin response inhibitor ARR5 (ARR5 OE) ([165], (Figure 3.2.2)).
The heat-shock induction of HSP17.6 and HSP21 was weaker in all these lines when
compared to the wild type. Moreover, while the heat shock induction of HSP23.6 was
observed in both the wild type and arr1-1 mutant, this induction was not detectable in the
more strongly cytokinin resistant double mutants arr1-3 arr10-5, arr1-3 arr12-1 and in the
ARR5 OE line.
Collectively, these results show that cytokinin signaling promotes the expression
of some HSPs which provides an explanation for the increased heat stress tolerance of
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ARR1 gain-of-function lines and for the heat stress hypersensitivity of cytokinin resistant
mutants. In particular, the cytokinin promotion of the expression of HSPs in major plant
organelles like chloroplast and mitochondria reveals the protective effect of cytokinin on
photosynthesis and cellular respiration, which is essential for plant survival during stress.

3.5. DISCUSSION
This study was initiated to determine if oxidative stress contributes to how ARR1
gain-of-function suppresses the Km resistance encoded by the arr1-1 insertion mutation.
A previous study conducted with E.coli has shown that streptomycin ,which like Km causes
misfolded protein accumulation, promotes the formation of oxidized proteins [245]. Here,
we show that Km causes an accumulation of oxidized proteins in Arabidopsis and that this
Km-induced oxidized protein accumulation is higher in ARR1 gain-of-function lines that
have higher protein synthesis rates and thus higher Km-induced misfolded protein
accumulation (Chapter 2 and Figure 3.1.1). It is currently unknown if and to what extent
this increased oxidized protein accumulation contributes to the mechanism by which ARR1
gain-of-function suppresses the Km resistance of arr1-1. ARR1 gain-of-function lines also
have higher oxidized protein levels in the absence of Km, suggesting that they are more
prone to protein oxidation. In agreement with this, studies conducted with exogenous
application of cytokinins and with cytokinin overproduction transgenic lines have shown
that increased cytokinin action increases cellular ROS levels [104, 252].
An unexpected finding of our study was that higher order type-B ARR loss-offunction mutants also had higher levels of oxidized proteins compared to the arr1-1 single
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mutant under control conditions. The strong cytokinin resistant triple mutant arr1-1 arr105 arr12-1 showed the highest accumulation of oxidized proteins, revealing the importance
of functional type-B RESPONSE REGULATORS in the homeostasis of cellular oxidized
protein levels. Together, these results show that both increased and decreased cytokinin
action causes protein oxidation and suggested that plants need optimal cytokinin
concentrations to limit oxidative stress. However, from this perspective, it was surprising
to find that ARR1 gain-of-function lines, that have higher oxidized protein accumulation
levels, also had increased tolerance to the oxidative stress inducer paraquat. This tolerance
might be due to already activated oxidative stress tolerance mechanisms in such plant lines.
Indeed, several studies have shown that cytokinins induce the activity of anti-oxidant
enzymes [125, 253, 254].
In parallel to the oxidative stress-related experiments, heat shock experiments were
conducted to evaluate the link between cytokinin and heat stress tolerance in Arabidopsis.
A previous study already showed that cytokinin overproducing transgenic lines have
increased heat stress tolerance in creeping bent grass (Agrostis stolonifera cv. Penncross)
[255]. Exogenous application of cytokinin to bent grass also caused enhanced tolerance to
heat stress [239]. Our results which were obtained using cytokinin resistant type-B ARR
mutants and ARR1 gain-of-function transgenic lines are in agreement with this study. The
heat stress hypersensitivity of type-B ARR loss-of-function mutants and the increased heat
stress tolerance of ARR1 gain-of-function lines confirmed that cytokinin acts to promote
plant growth and survival under heat stress conditions. However, there are some reports
that contradict this conclusion. For example, in tobacco, lowering the cytokinin content of
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roots by overexpression of the CKX1 gene that encodes a cytokinin dehydrogenase resulted
in higher survival rates in the presence of heat stress [238].
Previously, a combined proteomics and transcriptomics study showed that
cytokinin modulates more than 70% of temperature-shock response proteins in Arabidopsis
in a similar manner to heat shock, and also revealed genes encoding Heat Shock Proteins
that respond similarly to both cytokinin and heat stress [120]. Therefore, we hypothesize
that the increased induction of certain Heat Shock Proteins in ARR1 gain-of-function lines
might be responsible for their increased heat stress tolerance. Likewise, the decreased
induction of some Heat Shock Proteins in cytokinin resistance mutant lines could underlie
their heat shock hypersensitivity. The cytosolic Heat Shock Protein HSP17.6 was in the
wild type rapidly induced by heat stress, and this induction was more pronounced in ARR1
gain-of-function lines but was lower than the wild-type level in type-B ARR loss-offunction mutants. HSP17.6 belongs to the class of small Heat Shock Proteins (sHSPs)
which represent a major part of the Heat Shock Protein repertoire in plants [215]. During
stress conditions, these proteins bind to other cellular proteins and prevent them from
aggregating and misfolding [256]. Although they are not involved in protein folding they
are known to assist the conformation of target proteins as they can easily be refolded [257,
258].
Under non-stress conditions, cytosolic HSP70 accumulated to a higher level in
ARR1 gain-of-function plants and this level was not further induced by heat stress,
indicating a constitutive heat stress response with respect to this particular Heat Shock
Protein. HSP70 acts as a molecular chaperone which prevents aggregation of newly
synthesizing proteins and helps in the process of proper folding during translocation to
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their destination [259]. The presence of higher levels of HSP70 in ARR1 gain-of-function
lines could be to meet up for the demand of their increased protein synthesis rates, ensuring
proper protein folding. Moreover, HSP70 was shown to regulate HSPs and Hsfs (Heat
shock factors) together with HSBP (HEAT SHOCK FACTOR BINDING PROTEIN) and
BAG (BCL-2-associated athanogene), and these regulatory functions could also be
important for dealing with increased protein synthesis rates [260].
In addition to the regulation of cytosolic HSPs, cytokinin action also promoted the
accumulation of some chloroplastic and mitochondrial HSPs. Under control conditions,
both the cytokinin overproducing ipt-161 and the ARR1 gain-of-function lines contained
higher levels of the chloroplastic and heat stress inducible HSP21. HSP21 is a small Heat
Shock Protein that is involved in plastid-encoded RNA polymerase (PEP)-dependent
transcription and known to play an essential role in chloroplast development under heat
stress by maintaining PEP-function [261]. A role for cytokinin action was also found for
the heat stress induction of mitochondrial HSP23.6. Heat shock induction was observed in
the wild type and weak cytokinin resistant mutant arr1-1, but not in the strong insensitive
arr1-3 arr10-5 and arr1-3 arr12-1 mutants and ARR5 overexpression line. The specific
function of HSP23.6 in plant thermo tolerance currently remains unclear [262].
Overall, these results suggest that cytokinin promotes heat stress tolerance in
Arabidopsis by promoting the expression of Heat Shock Proteins in the cytosol,
chloroplasts and mitochondria. These elevated HSP expression levels are predicted to help
protect these cellular compartments when exposed to high temperature stress.
Finally, the promotion of oxidative and heat stress tolerance by cytokinin provides
an indirect explanation for the unusual discovery that cytokinin signaling suppresses
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osmotic stress tolerance (Chapter 2 and [243]). As cytokinin resistant mutants have
increased osmotic stress tolerance, it would be expected that this trait would have been
selected in evolution. However, the opposite action of cytokinin on oxidative and heat
stress tolerance versus osmotic stress tolerance, suggests that the cytokinin action level
represents a balancing act between these stress tolerance requirements. Indeed, selection
for decreased cytokinin sensitivity would have resulted in increased osmotic stress
tolerance combined with decreased tolerance to heat and oxidative stress.
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Figure 3. 1. 1: Oxidized protein levels in kanamycin (Km) treated seedlings. (a) Sevenday-old Col-0 (WT) seedlings treated with denoted doses of Km, water or 100 µM paraquat
(PQ) for 4 hours were used in DNPH derivatization. Derivatized proteins were resolved on
SDS–PAGE, transferred to a nitrocellulose membrane and probed with anti-DNP antibody.
Representative immunoblot encompassing the section from 70 kDa to 30 KDa is shown.
Ponceau S-stained membrane region with the RuBisCO large subunit (LSU) is shown as a
loading control. (b) Seven-day-old seedlings of WT, 35S::ARR1 overexpression lines #4
and #5 generated in arr1-1 background (ARR1 OE #4 and #5) and phosphomimic
D94E
35S::ARR1
overexpression line (PM OE) generated in arr1-1 background were treated
with 140 mg/l Km for 4 hours and used in DNPH derivatization. The oxidized protein
levels (quantified using ImageJ) in Km-treated samples were 2.3±0.2 (mean ± Standard
Deviation, n=2), 3.6±0.05, 4.0±0.2 and 3.8±0.15 times higher than in the control, whereas
PQ treatments increased the oxidized protein levels 3.9±0.2 fold. The oxidized protein
levels in Km-treated ARR1 OE#4, ARR1 OE #5 and PM OE were ~20%, ~30% and ~50%
higher than in the kanamycin treated wild-type. Underivatized protein sample is shown as
a control for DNPH derivatization and ponceau S-stained membrane containing RuBisCO
large subunit (LSU) is shown as a protein loading control.
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Figure 3. 1. 2: Oxidized protein levels in phosphomimic ARR1 overexpresson lines.
Seven-day-old Col-0 wild type seedlings (WT) and seedlings of the 35S::ARR1D94E
overexpression lines #1 and #2 (PM-ARR1 OE #1 and #2) generated in Col-0 background
were treated with 70 mg/l Km or water for 4 hours. Represenative immunoblot showing
the levels of oxidized proteins as detected with anti-DNP antibodies is presented. The
oxidized protein levels in the untreated PM OE lines were ~2-fold higher than in the wild
type, wherease Km treatment led to a ~2-fold increase in signal intensity in each line.
Ponceau S stained mambrane is used as a protein loading control.
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Figure 3. 1. 3: Oxidized protein levels in type-B ARR loss-of-function mutants. Plants
grown on MS/2 media for seven days were treated with either water or 100 nM
benzyladenine (BA) for 4 hours. Total proteins were then extracted, derivatized, resolved
on SDS–PAGE and blotted onto nitrocellulose membrane. Representative immunoblots
with anti-DNP and anti-HSP70 antibodies are shown. The oxidized protein levels in arr13 arr12-1 and arr1-3 arr10-5 arr12-1 were ~30% and ~50% higher than in the single
mutant. Ponceau S stained membrane corresponding to the oxidized protein immunoblot
and encompasing the region arround the RuBisCO large subunit (LSU) is shown as a
loading control.
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Figure 3. 1. 4: Endoplasmic reticulum chaperone BiP levels in response to kanamycin
(Km). (a) BiP and oxidized protein levels in control and Km-treated Col-0 (WT) seedlings.
Seven-days-old seedlings were grown on MS/2 media and they were treated with water or
70 mg/l Km for 4 hours. Total proteins were extracted and resolved by using SDS-PAGE.
Represenative immunoblots with anti-BiP and anti-DNP antibodies are shown. Ponceau S
stained membrane is used as a protein loading control (b) BiP levels in ARR1 gain-offunction and type-B ARR loss-of-function lines before and after Km treatment. The
treatments were done as in (a).
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Figure 3. 1. 5: SUnSET analyses of cytokinin-related mutant and transgenic lines treated
with paraquat (PQ). Seven-day-old seedlings were treated with 100 µM PQ or water for 2
hours, rinsed and then incubated with 50 µM puromycin for 30 minutes. Total proteins
were extracted and resolved by SDS-PAGE. Newly synthesized proteins were detected by
using anti-puromycin antibody. LSU, RuBisCO large subunit stained with Ponceu S.
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Figure 3. 1. 6: Oxidative stress response of ARR1 mutant and transgenic lines. (a)
Increased tolerance of plants of independent 35S::ARR1 (ARR1 OE) and 35S::ARR1D94E (
PM OE) lines generated in the arr1-1 background. Seedlings were grown for 19 days on
the MS/2 media containing the denoted doses of PQ prior to photography. (b) Fresh weight
(FW) of ARR1 gain-of-function and ARR1 loss-of-function lines at 0.3 µM PQ. Data are
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presented as mean ± SD (n ≥ 10). ****, P < 0.0001 (two-way ANOVA with Bonferroni’s
multiple comparisons test).
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Figure 3. 1. 7: Basal seed thermotolerance of cytokinin-related mutant and transgenic
lines. Vernalized seeds were exposed to light for 4 h at 22°C (control) or at 45°C (heat
shock), and then germinated and grown in darkness at 22°C. Etiolated seedlings were
photographed after 3 days of growth, and hypocotyl lengths were measured. (a) Heat shock
response of ARR1 gain-of-function transgenic lines, scale bar: 5 mm (c) heat shock
response of cytokinin resistant mutants, scale bar: 5 mm (b and d) represent the percent
inhibition of hypocotyl length in response to heat shock. Data are presented as mean ±
SEM (n= 2 in which >20 seedlings from each plant line).
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Figure 3. 1. 8: Heat shock response in cytokinin-related mutant and transgenic lines. (a)
Leaf discs from 30-day-old plants were floated in MES-KOH buffer (pH 6.8) for 2.5 h at
22°C (control) or 45°C (heat shock). The samples were then incubated at 22°C for 2 days
prior to photography. Representative leaf discs are shown. Scale bar: 5 mm. (b)
Chlorophyll levels in heat-shocked leaf discs shown in (a). The chlorophyll content was
measured using the fluorescence ratio technique (CCM 300 chlorophyll content meter) and
is presented as mean ± SD (n =3).

100

1 hour

LSU

LSU

HSP 70

HSP 70

HSP 21

HSP 21

LSU

LSU

HSP 90

HSP 90

HSP 23.6

HSP 23.6

LSU

LSU

PM
OE
Control
Heat shocked

HSP 17.6

Heat shocked

HSP 17.6

ARR1
OE

Control

Bip

Heat shocked

Control
Heat shocked

Heat shocked

Bip

WT

Control

arr
1-1

PM
OE

Control

Heat shocked

ARR1
OE

Control

Heat shocked

WT

Control

Heat shocked

Control

arr
1-1

2 hours

Figure 3. 1. 9: Heat Shock Protein levels in arr1-1 and ARR1 gain-of-function lines
(35S::ARR1 and 35S::ARR1D94E in arr1-1 background) before and after heat shock
treatment at 40°C. Heat Shock Proteins analyzed were, Cytosolic HSPs, HSP17.6, HSP70
and HSP90; chloroplastic Heat Shock Protein, HSP21; endoplasmic reticulum-resident
Heat Shock Protein, Bip and mitochondrial Heat Shock Protein, HSP23.6. Ponceau S,
containing RuBisCO LSU is shown as a protein loading control.
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Figure 3. 2. 3: Heat Shock Protein levels in cytokinin overproducing transgenic line ipt161 compared to Col-0 (WT) before and after heat shock treatments at 40°C. Heat Shock
Proteins analyzed were, Cytosolic HSPs, HSP17.6, HSP70 and HSP90; chloroplastic Heat
Shock Protein, HSP21; endoplasmic reticulum-resident Heat Shock Protein, Bip and
mitochondrial Heat Shock Protein, HSP23.6. Ponceau S stained blot, showing RuBisCO
LSU as a protein loading control.
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Figure 3. 2. 4: Heat Shock Protein levels in type-B ARR loss-of-function mutants and
ARR5 OE transgenic line (35S::ARR5) after 1 hour of heat shock treatment. HSP17.6,
HSP70 and HSP90 are cytosolic Heat Shock Proteins, HSP21 is a chloroplastic Heat Shock
Protein, Bip is a Heat Shock Protein in the endoplasmic reticulum and HSP23.6 is a
mitochondrial Heat Shock Protein. Ponceau S stained blot, showing RuBisCO LSU as a
protein loading control.
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CHAPTER 4.
THE REGULATORY EFFECT OF KELCH REPEAT F-BOX (KFB) UBIQUITIN
LIGASES ON PAL AND ARR1 PROTEINS
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(This chapter contains the initial part of the paper “Modulation of auxin and cytokinin
responses by early steps of the phenylpropanoid pathway” in which I contributed to the
figure 1 and supplementary figure S6. (Kurepa, J., Shull, T. E., Karunadasa, S. S., &
Smalle, J. A. (2018). Modulation of auxin and cytokinin responses by early steps of the
phenylpropanoid pathway. BMC plant biology, 18(1), 278.).)

4.1. SUMMARY
The phenylpropanoid pathway is responsible for the synthesis of numerous
compounds important for plant growth and responses to the environment. In the first
committed step of phenylpropanoid biosynthesis, the enzyme PHENYLALANINE
AMMONIA-LYASE (PAL) deaminates L-phenylalanine into trans-cinnamic acid that is
then converted into p-coumaric acid by CINNAMATE-4-HYDROXYLASE (C4H).
Recent studies showed that some of the KELCH REPEAT F-BOX (KFB) protein family
of ubiquitin ligases control phenylpropanoid biosynthesis by promoting the proteolysis of
PAL. However, this ubiquitin ligase family, alternatively named KISS ME DEADLY
(KMD), was also implicated in cytokinin signaling as it was shown to promote the
degradation of type-B ARRs, including the key response activator ARR1. Considering that
ubiquitin ligases typically have narrow target specificity, this dual targeting of structurally
and functionally unrelated proteins appeared unusual. Here we show that some KFBs
indeed target PAL but not ARR1.

Keywords: Cytokinin, F-box proteins, Growth promotion, Phenylpropanoid biosynthesis
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4.2. INTRODUCTION
Phenylpropanoid (PP) biosynthesis starts with L-phenylalanine that is converted
into trans-cinnamic acid (t-CA) by PHENYLALANINE AMMONIA LYASE (PAL). tCA can be converted to cis-cinnamic acid (c-CA) by light and this photoisomer has been
shown to inhibit auxin transport [263, 264]. In the next step of the PP pathway, t-CA is
converted

to p-coumaric

MONOOXYGENASE

acid

by

the

CYTOCHROME

CINNAMATE-4-HYDROXYLASE

P450-DEPENDENT

(C4H).

The

reaction

catalyzed by C4H marks the end of the early steps of the PP pathway and represents the
pathway branching point as p-coumaric acid can be diverted towards the synthesis of a
number of metabolite classes including lignins and flavonoids.
PAL is the first committed enzyme of the PP pathway and its activity is regulated
by environmental and endogenous signals at multiple levels [265]. At the post-translational
level, the abundance of PAL isozymes is attuned to metabolic needs by the
ubiquitin/proteasome pathway [266]. In Arabidopsis, PAL degradation is governed by the
SCF type E3 ligases in which the target-specific component, the F-box protein called
KELCH REPEAT F-BOX (KFB), is encoded by four genes [266]. These four KFB genes
are differentially expressed and control PAL levels in response to developmental and
environmental changes. This family of ubiquitin ligases, alternatively named KISS ME
DEADLY (KMD), was also shown to promote the degradation of key transcriptional
activators of the cytokinin response, the type-B ARR family members ARR1 and ARR12.
The KMD/KFB genes are down-regulated by the cytokinin signal and thus are thought to
be a feed-forward mechanism that enhances the cytokinin response [267].
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The finding that KMD/KFBs target two sets of structurally and functionally
unrelated proteins was surprising because it implies that KMD/KFBs contain two different
target interaction domains and that they simultaneously control a hormone signaling
pathway in addition to a secondary metabolite pathway. Here we show that the KMD/KFBs
do not control the stability of the type-B ARR member ARR1 but are indeed involved in
the proteasome-dependent degradation of PAL enzymes.

4.3. MATERIALS AND METHODS
4.3.1. Plant material
The wild-type lines used were Columbia (Col-0) and Lansberg erecta (Ler)
dependent on the background of the mutations analyzed. The following previously
described mutants and transgenic lines were used: the kfb20–1 kfb1–1 kfb50–1 triple
mutant [266], the arr1–3 arr10–5 arr12–1 triple mutant [45] and ARR5::GUS [36]. Except
for the kfb20–1 kfb1–1 kfb50–1 triple mutant and 35S:ARR5, all other lines were obtained
from the ABRC Seed Stock Center.
The

following

transgenes

were

introduced

by

Agrobacterium-mediated

transformation into the following backgrounds: 35S::KMD1/KFB20 into the Col-0 wild
type (phosphinothricin resistant) 35S::KMD1/KFB20 into ARR5::GUS (phosphinothricin
resistant). The 35S::ARR5 construct used to generate ARR5 overexpression lines was
previously described [165]. To generate KMD1/KFB20 overexpression lines, the fulllength cDNA clone was amplified using attB-capped primers. The amplified and verified
fragment was recombined by BP reaction into pDONR221 and transferred to
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pEarlyGate100 [268] by LR reaction using the Gateway protocols (Invitrogen). The
resulting binary vector was introduced into Agrobacterium tumefaciens strain C58C1 (RifR) by triparental mating and the plants were transformed by the floral dip method [269].

4.3.2. Treatments
The following chemicals were used for treatments: trans-cinnamic acid (t-CA;
Sigma), p-coumaric acid (Sigma), caffeic acid (Sigma), p-coumaraldehyde (Sigma),
quercetin (Sigma), benzyladenine (BA; Sigma). All were prepared as stock solutions in
dimethylsulfoxide (DMSO, Fisher Scientific), which was used as the mock control in
treatments.

4.3.3. Growth conditions
Both sterile- and soil-grown plants were grown in controlled environmental growth
chambers at 22 °C under continuous light at 80 µmolm− 2 s− 1. For axenic cultures, surfacesterilized and moist chilled seeds were sown on half-strength Murashige and Skoog
medium (pH 5.7) containing 1% (w/v) sucrose and 0.8% (w/v) PhytoAgar (MS/2 medium).
For soil growth, plants were first grown in sterile cultures and then transferred to a 1:1 mix
of Miracle Grow potting soil and vermiculite. For feeding experiments, we chose to test
a t-CA concentration range based on an earlier report that a minimal dose of 100 µM is
sufficient for increasing the synthesis of lignin in soybean (Glycine max) [270]. After initial
tests, the test concentrations range for Arabidopsis was adjusted to 0 to 125 µM t-CA and
the doses used for other PP intermediates were then chosen in a similar range.
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4.3.4. Antibody production and immunoblotting analyses
The Arabidopsis ARR1 antibody has been described [170]. Monospecific anti-PAL
rabbit antibodies were generated (Pacific Immunology, Ramona, CA) against two internal
peptides of PAL1 (At2g37040): Cys-TSHRRTKNGVALQKE (amino acids 126–140) and
KVLTTGVNGELHPSRFC (555–571). After affinity purification and specificity testing,
the antibodies raised against PAL1 (126–140) were used. Protein extraction and
immunoblotting analyses were performed as previously described [169]. The secondary
antibodies used (horseradish peroxidase-conjugated anti-rabbit IgG goat antibodies) were
obtained from SantaCruz Biotechnology. Immunoblots were developed using SuperSignal
West Femto substrate (Thermo-Pierce) using a ChemiDoc™ XRS molecular imager (BioRad). The signal intensities of two independent immunoblots were measured using
QuantityOne software (Bio-Rad).

4.3.5. GUS staining
For histochemical GUS analyses, seedlings were transferred to a staining buffer
solution (10 mM Na2EDTA, 100 mM NaH2PO4, 0.1% (v/v) Triton X-100) that contained
1 mg/ml X-Gluc substrate. To stop the reaction and prepare for photography, seedlings
were first transferred to ethanol, then to a 50% (v/v) glycerol solution and were finally
arranged on MS/2 plates for photography. Different incubation times were used for the
GUS activity assays dependent on the aim of the experiment.
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4.3.6. Phenotype analyses and statistical methods
For all morphometric and kinematic analyses, five-day-old seedlings germinated
and grown on MS/2 plates were transferred to fresh MS/2 plates containing the test
compounds. For rosette size analysis, plants were photographed daily and the
measurements were done from photographs using ImageJ software. For anthocyanin
measurements, 10 plants per replicate (3 replicates per sample) were collected after 12 days
of growth on test plates, weighed and used for isolation of total flavonoids as described
previously [271]. For anthocyanin content measurement, a DTX 880 multimode detector
(Beckman Coulter) with 520 ± 8 nm filter was used.

4.3.7. Statistical analysis
The descriptive statistics, plotting and hypothesis testing were done using Prism 6
software (GraphPad Software Inc). All data are presented as means ± SD of at least three
independent experiments. When means of more than two samples were compared, we used
one-way nonparametric ANOVA followed by Bonferroni’s posttest to find a significant
difference between pairs of means. The significance levels, indicated by asterisks in the
figures, illustrate the results of the Bonferroni’s posttest.
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4.4. RESULTS
4.4.1. PAL and the cytokinin response
To independently test the role of KMD/KFBs in cytokinin signaling, we generated
35S

promoter-driven

overexpression

(OE)

lines

using

the

full-

length KMD1/KFB20 (At1g80440) cDNA. Earlier studies revealed that KMD1/KFB20 OE
lines are dwarfed and that the extent of growth retardation is positively correlated with the
expression level of the transgene [266, 267]. Indeed, 34 lines out of 52 lines we generated
were also dwarfed. Both severe cytokinin resistance and disruption of the general PP
pathway leads to dwarfism [272, 273]. Thus, this phenotype of the OE plants is not a
diagnostic for alteration of the function of either cytokinin signaling or PP biosynthesis.
Because the PP biosynthesis and cytokinin response pathways are not directly linked, we
attempted to distinguish between the growth inhibition resulting from reduced PP levels
and growth inhibition induced by reduced cytokinin signaling by feeding severely
dwarfed KMD1/KFB20 OE lines with PP pathway intermediates.
We grew wild-type and OE plants on media containing different concentrations of
either t-CA, p-coumaric acid, p-coumaraldehyde, caffeic acid or quercetin (Figure 4.1).
For the wild type, the feeding experiments with different doses of t-CA show that t-CA is
growth promoting at low concentrations and growth inhibitory and anthocyanin inducing
at high concentration (Figure 4.1 a-c). Growth on media supplemented with p-coumaric
acid and p-coumaraldehyde did not significantly change the size of the wild-type plants
(Figure 4.1 d,e). Caffeic acid and quercetin treatments also did not significantly impact
wild-type growth at lower doses, but they caused growth inhibition at higher doses (Figure
4.1 f, g).
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The effects of feeding with different PP intermediates differed between the wildtype and the OE#1 plants (Figure 4.2, Figure 4.1c-g). In Figure 4.2, we have summarized
to what extent the different PP intermediates complemented the dwarfism of the
KMD1/KFB20 OE#1 plants. When grown on control medium, OE#1 plants were only
13 ± 2% the size of wild-type plants (Figure 4.2). However, when grown on 1 µM t-CA
media the size of OE#1 plants increased to 48 ± 5% of the untreated wild-type (Figure 4.2).
This growth-promoting effect of low doses of t-CA was stronger in the OE#1 line than in
the wild type. For example, whereas the fresh weight of wild-type plants grown on media
with 1 µM t-CA increased 1.41 ± 0.2 fold compared to plants grown on control media, the
fresh weight of the OE#1 plants grown under the same conditions increased 3.5 ± 0.3 fold
(Figure 4.1c). Growth

on media supplemented

with p-coumaric acid

and p-

coumaraldehyde, which did not affect the size of the wild-type plants, led to a size increase
in OE#1 which exceeded that measured for OE#1 plants grown on t-CA (Figure 4.2). For
example, the size of the OE#1 plants reached 91 ± 5% and 64 ± 4% of the untreated wildtype after 64 µM p-coumaric acid and 32 µM p-coumaraldehyde treatments, respectively
(Figure 4.2, Figure 4.1d, e). In OE#1 plants, both quercetin and caffeic acid promoted
growth at lower doses but to a lesser extent than t-CA, p-coumaric acid and pcoumaraldehyde (Figure 4.2 and Figure 4.1f, g). Both quercetin and caffeic acid were
growth inhibitory at higher doses (Figure 4.2 and Figure 4.1f, g).
These results prompted us to reach two conclusions. First, because t-CA was the
only compound that led to a size increase in both the wild-type and OE plants, we
concluded that this metabolite has a general growth-promoting effect. Second, since
feeding with metabolites of the PP pathway lead to a partial rescue, it is more likely that
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the primary reason for the dwarfed phenotype of the OE plants is reduced PP biosynthesis
than reduced cytokinin action.
To further explore our second conclusion, we compared PAL and ARR1 abundance
in the triple kfb mutant (kfb1–1 kfb201–1 kfb501–1) and two OE lines that differed in the
strength of the dwarf phenotype (Figure 4.3a). If KMD/KFBs are involved in the
proteasome-dependent degradation of PAL, we expect to see an accumulation of PAL
proteins in the triple kfb mutant and a phenotype-strength dependent reduction of PAL
levels in the OE dwarfed lines. Immunoblotting analyses with anti-PAL1 antibodies
confirmed this pattern of PAL accumulation and showed that while the PAL1 levels were
3 ± 0.4- fold higher in the mutant compared to wild type, PAL1 levels were reduced to
~ 10% and ~ 40% of the wild type in the OE lines (Figure 4.3a). These results are in
agreement with the previous study [266]. On the other hand, the ARR1 levels did not
change as expected if KMD/KFBs are involved in ARR1 degradation: ARR1 did not
accumulate in the triple mutant (1.1 ± 0.2 of the wild type) and its levels were not lower in
the OE lines compared to the wild type. In fact, ARR1 levels were 1.8 ± 0.2- and 1.9 ± 0.3fold higher in the OE#1 and OE#2 lines, respectively (Figure 4.3a). We concluded that
KMD/KFBs are indeed involved in the proteasome-dependent degradation of PAL and not
in targeted proteolysis of ARR1.
An increase in the abundance of the cytokinin response activator ARR1 is expected
to elicit increased cytokinin responses [163, 170]. To test if that holds true
for KMD1/KFB20 OE plants, we introduced the 35S::KMD1/KFB20 transgene into the
cytokinin-inducible ARR5::GUS reporter line and treated a set of independent dwarfed
double homozygous seedlings with the synthetic cytokinin benzyladenine (BA). The
113

expression of ARR5::GUS in these double transgenic lines was indeed enhanced compared
to the wild type both in untreated and BA-treated seedlings, as expected from a line with
an increased ARR1 activity (Figure 4.3b).
It was suggested in an earlier study that analogously to triple type-B ARR and triple
cytokinin receptor knockout lines, the KMD1/KFB20 OE lines are dwarfed due to their
strong cytokinin resistance [45, 267]. Another phenotype of the severe cytokinin resistant
lines is that they accumulate anthocyanins, which seems paradoxical because cytokinins
are known inducers of anthocyanin biosynthesis [45, 274]. However, anthocyanin
biosynthesis is regulated by a number of internal and external cues and an increased
anthocyanin biosynthesis is often a result of the combined action of different inducing
signals [275]. It has been suggested that the main cause of the anthocyanin hyper
accumulation in strong cytokinin resistant mutants is their increased sensitivity to light [45,
275]. The effect of cytokinin treatments on anthocyanin accumulation, therefore, can be
viewed as another distinguishing characteristic between cytokinin resistance and
alterations in PP pathway, so we measured the anthocyanin content in the KMD1-related
lines treated with BA (Figure 4.3c). In contrast to cytokinin resistant lines, OE#1 plants
have low anthocyanin levels, which is expected if PP biosynthesis is compromised (Figure
4.3c). Despite having low PAL levels (Figure 4.2a), the KMD1/KFB20 OE#1 plants still
responded to cytokinin by increasing anthocyanin biosynthesis (Figure 4.3c). Moreover,
the cytokinin-dependent induction of anthocyanin biosynthesis in OE#1 occurred at a lower
dose of BA compared to the wild type, which provided another example of cytokinin
hypersensitivity of plants overexpressing KMD1/KFB20. As expected, the anthocyanin
levels in OE#1 did not reach wild-type levels independent of the BA dose used in the assay.
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The anthocyanin levels in the kfb triple mutant were higher than those of the wild type, but
the dose-response curve had the same wild-type shape (Figure 4.3c). These differences in
anthocyanin accumulation patterns were clearly visible in senescing leaves (Figure 3.4c).
Final confirmation that KMD/KFBs are involved in proteolysis of PAL but not
ARR1 was obtained by comparing the growth responses of a strong cytokinin resistant
mutant and the strong KMD1/KFB20 OE line OE#1 to PP pathway intermediates. It was
previously suggested that the severe growth inhibition seen in the strong KMD1/KFB20
OE lines is mechanistically similar to the growth inhibition of the strong cytokinin resistant
triple mutant arr1–3 arr10–5 arr12–1: both sets of lines were thought to be dwarfed as a
result of reduced type-B ARR activity. If this is correct, then the growth of both arr1–3
arr10–5 arr12–1 and KMD1/KFB20 OE plants should be similarly affected by PP pathway
intermediates. However, whereas OE#1 plants reached 97 ± 2% of the untreated wild-type
size on media containing both t-CA and p-coumaric acid, the arr1–3 arr10–5 arr12–
1 plants remained dwarfed and their increase in size was comparable to that of the increase
observed for the wild type grown on t-CA and p-coumaric acid (40 ± 3% and 34 ± 15%, for
wild type and triple arr mutant, respectively; Figure 4.3d, e). Therefore, it is highly
unlikely that the same mechanism that affects growth is operational in both
the KMD1/KFB20 OE plants and the triple arr mutant.
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4.5. DISCUSSION
A major step in ubiquitin-dependent proteolysis is the interaction of a target protein
with a ubiquitin E3 ligase that promotes the attachment of a polyubiquitin chain to one or
more lysine residues within the target [276]. A key feature of a ubiquitin ligase is that it
binds its target protein in a highly specific manner and it typically contains a distinct targetinteraction domain. It is not surprising, therefore, that the Arabidopsis genome encodes for
numerous ubiquitin ligases, each having binding affinity for one target or a highly related
family of target proteins [277]. This complexity and multiplicity of different E3 ligases
reflect the fact that the abundance of numerous proteins is controlled by the ubiquitinproteasome system, often in response to specific environmental or endogenous signals
[278]. It was therefore unusual that the KMD/KFBs were reported to target two structurally
and functionally unrelated classes of proteins, the PAL enzymes and the type-B ARRs
transcription factors [266, 267]. In addition, the results of interactomics projects, such as
PSICQUIC-View [279], confirmed the binding of KMD/KFBs to PAL, but reported no
interactions between KMD/KFBs and type-B ARRs. Here, we show that the endogenous
ARR1 protein, one of the essential type-B ARRs previously shown to be under KMD
control, is not targeted for proteasome-dependent degradation by KMDs and that PAL is
indeed a legitimate target for this F-box protein family. Because we have previously shown
that the stability control of tagged ARR1 versions differs from the stability control of the
endogenous ARR1 [170], we believe that the use of tagged versions of type-B ARRs is the
underlying reason for this misidentification of KMD targets.
The next discussion point and one of the main findings of this study is centered on
the strong growth promoting effect of t-CA in Arabidopsis. This promotive effect was,
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however, detected only when low concentrations (e.g., 0.5 and 2 µM) of t-CA were used
for treatments. The existence of a narrow dose range in which t-CA acts as a growth
promoter after which it becomes growth inhibitory may be universal for all plants and may
explain the results of previous studies that describe both positive and negative effects of tCA on growth [280-282]. We also concluded that the dwarfism associated
with KMD1/KFB20 overexpression is a result of the loss of growth-promoting activities
of t-CA.
The

increased

ARR1

accumulation

and

increased

cytokinin

signaling

in KMD1/KFB20 overexpression plants are interesting observations that warrant further
discussion. Currently, we see two ways by which decreased PAL activity can lead to an
increase in ARR1 abundance. The first possibility is that the same early PP metabolites
that regulate auxin responses directly or indirectly regulate ARR1 accumulation. The
second possibility is that the severe growth inhibition of KMD1/KFB20 OE plants causes
an increase in ARR1 levels by simply altering the developmental stage of cells. In this case,
the increased ARR1 accumulation would reflect the developmental regulation
of ARR1 gene expression. Future research will have to address these two hypotheses and
reveal if any other mechanisms are at play.
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Figure 4. 1: Impact of phenylpropanoid (PP) intermediates on growth. a Effects of a broadrange of trans-cinnamic acid (t-CA) doses on the growth of the wild-type (Col-0) plants.
Plants were photographed after 11 days of growth. b Accumulation of anthocyanins in the
wild-type plants grown for 11 days on t-CA-supplemented media. Data are presented as
mean absorbance at 520 nm (A520) ± SD (n≥6, each sample being a pool of 10 seedlings).
P < **, 0.01 and ****, P < 0.0001 (one-way ANOVA with Bonferroni’s multiple
comparisons test). c - g Dose-response curves of the wild-type and 35S::KMD1/KFB20
plants (OE#1) grown in media containing the denoted doses of PP intermediates. The fresh
weight (FW) of rosettes of 18-day-old plants was measured and the average absolute FW
of the wild type grown on control media was set to 1. Data are shown as mean ± SD (n≥12).
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The significance of the difference between the control and treatments is noted in black for
Col-0 and in red for OE#1 (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001;
two-way ANOVA with Bonferroni’s multiple comparisons test). Shaded areas highlight
the effective doses that augment the growth of OE#1 plants.

Figure 4. 2: Impact of phenylpropanoid (PP) intermediates on the growth
of 35S::KMD1/KFB20 (OE#1) plants. Simplified scheme of the PP biosynthetic pathway
showing (in red) the PP intermediates used for feeding experiments, relative differences in
rosette sizes of the OE#1 plants and fresh weight (FW) changes in OE#1 plants after
18 days of growth on MS/2 media supplemented with the specified PP intermediates. The
illustration of relative size and the FW difference between the wild-type (WT) and OE#1
plants grown on control medium is presented in the shaded insert on the left-hand side. The
mean fresh weights of treated OE#1 plants ± SD (n ≥ 12) are presented relative to the
weight of the wild-type (WT) plants grown on control medium. The concentrations of the
PP intermediates in the MS/2 medium for which the data are shown is noted in parenthesis.
PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase.
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Figure 4. 3: KMD1/KFB20 targets PAL and not ARR1 for proteasomal
degradation. a Rosettes of 14-day-old plants are shown above the representative
immunoblots to underline the correlations of rosette size and protein accumulation level.
Rosettes of two independent 35S::KMD1/KFB20 (OE) lines are shown. The kfb tr. refers
to the kfb20–1 kfb1–1 kfb50–1 triple mutant. LSU, large subunit of RuBisCO is a loading
control. b GUS activity in 4-day-old seedlings treated with 25 nM benzyladenine (BA) for
4 h prior to GUS staining. Two seedlings per line are shown. c Anthocyanin accumulation
in 12-day-old plants is presented as the absolute absorbance of the methanolic extract at
520 nm (A520) per ten plants. Data are shown as mean ± SD (n ≥ 3). The significance of
the difference of anthocyanin levels between Col-0 and the kfb triple mutant and between
Col-0 and OE#1 for each treatment is noted (*, P < 0.05; **, P < 0.01; ***. P < 0.001; twoway ANOVA with Bonferroni’s multiple comparisons test). Insert illustrates the
accumulation of anthocyanins in representative rosette leaves of 60-day-old
plants. d Effect of t-CA and p-coumaric acid (CuA) on the growth of OE#1 and the arr1–
3 arr10–1 arr12–1 triple (arr tr.) mutant. Plants were grown on MS/2 media containing
the denoted doses of t-CA and CuA for 18 days. e Statistical analyses of the effect of t-CA
and p-coumaric acid (CuA) on the fresh weight (FW) of plants shown in d. Data are
presented as mean ± SD (n ≥ 12 pools of 8 plants).). The significance of the difference
between the control and the treated samples is noted for each line (****, P < 0.0001; twoway ANOVA with Bonferroni’s multiple comparisons test).
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CHAPTER 5. GENERAL DISCUSSION

The evolution of different mechanisms that sense environmental cues and initiate
appropriate cellular responses aimed at survival under changed environmental conditions
is essential for all living organisms. In sessile organisms such as plants, it is widely believed
that the environmental sensing and responding mechanisms have reached a high level of
complexity, which involves the regulation of responses by a number of functionally
interconnected phytohormones [283, 284]. Recent studies have shown that cytokinin, a
hormone originally described as an essential growth hormone, plays a crucial role in
survival under stress conditions [87, 285, 286].
We have analyzed the role of cytokinin in the response of plants to three types of
abiotic stresses, including osmotic, heat shock and oxidative stresses. It was previously
shown that cytokinin resistant mutants have increased tolerance to osmotic stress,
indicating that cytokinin signaling acts negatively upon osmotic stress tolerance [101-103].
Here, we showed that increased cytokinin action indeed causes hypersensitivity to osmotic
stress ([243] and chapter 2). We also showed that one of the responses to osmotic stress is
an increase in cytokinin signaling which in turn increases protein synthesis rates ([243],
chapter 2). We further showed that cytokinin-dependent induction of protein synthesis
involves increased expression of the RPL4A and RPL4D genes that encode isoforms of the
ribosomal protein L4 ([243], chapter 2). Finally, we showed that this increased protein
synthesis causes osmotic stress hypersensitivity, as rpl4a and rpl4d loss of function
mutants that have decreased cytokinin-induced protein synthesis, have increased osmotic
stress tolerance.
121

The discovery that cytokinin suppresses osmotic stress tolerance was
counterintuitive as cytokinin resistant mutants that do not differ developmentally from the
wild type, also had increased osmotic stress tolerance, implying that this trait could have
been evolutionary selected for without adverse effects on plant development. However,
analyses described in this thesis show that contrary to its effects on osmotic stress tolerance,
increased cytokinin action makes plants more resistant to heat and oxidative stress ([243],
chapter 2, chapter 3). We showed that the positive cytokinin effect on heat stress tolerance
is accompanied by the increased accumulation of several heat shock proteins. This
induction of heat shock proteins in response to cytokinin is not restricted to the cytosol but
also includes some heat shock proteins that reside in plant organelles like chloroplasts and
mitochondria. This quick and broad-range induction of heat shock proteins is expected to
provide protection of cytosolic, mitochondrial and chloroplast compartments, ensuring
their proper function during heat stress conditions. Such a molecular explanation was
lacking for the positive effect of cytokinin on oxidative stress tolerance. Both increased
and decreased cytokinin action was associated with increased levels of oxidized proteins.
Moreover, in the oxidative stress tolerant ARR1 gain-of-function lines that have
constitutive cytokinin responses, we did not observe any significant changes in the levels
of various proteins that are known to promote oxidative stress tolerance. Therefore, the
molecular mechanism that underlies the increased oxidative stress tolerance of these
transgenic lines remains unknown.
These opposite effects of cytokinin on different abiotic stress tolerances reveal that
there is an optimal cytokinin signaling level beyond or below which there are negative
impacts on how plants can deal with specific types of stresses. This conclusion is also in
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agreement with recent studies that showed that decreased cytokinin sensitivity leads to
increased susceptibility to pathogen attack, indicating that selecting for increased osmotic
stress tolerance by selecting decreased cytokinin sensitivity would be disadvantageous for
maintaining optimal disease resistance.
In addition to the negative effect on osmotic stress tolerance, we showed that the
increased protein synthesis in ARR1 gain-of-function lines is partially responsible for the
semi-dwarf phenotype of these transgenic lines. While cytokinins are promoters of plant
growth, cytokinin action beyond a critical threshold is known to be growth inhibitory, and
therefore this semi-dwarfism was in agreement with the strong constitutive cytokinin
response phenotype of these lines [168, 287]. However, it was surprising to find that by
lowering the protein synthesis rates in these lines, it was possible to reverse both their
osmotic stress hypersensitivity and their semi-dwarfism. This negative correlation between
protein synthesis rate and plant growth was however in agreement with a recent study that
revealed that larger Arabidopsis ecotypes tend to have lower protein synthesis rates
compared to smaller ecotypes, implying that a higher rate of protein synthesis is
energetically wasteful and causes growth to slow down [199].
Finally, and in parallel to these investigations on cytokinin signaling, protein
synthesis and abiotic stress tolerance, we have addressed a controversy in the cytokinin
and flavonoid pathway research fields. Previously, it was shown that the KMD/KFB
family of ubiquitin ligases interact with and promote degradation of PAL, an enzyme that
catalizes the first step in the phenylpropanoid biosynthesis pathway [266]. However, this
same KMD/KFB family was reported to also interact with and promote the degradation of
type-B ARRs in the cytokinin signaling pathway [267]. These two reports were conflicting,
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as it is unlikely that the KMD/KFB family of ubiquitin ligases modulate two structurally
different proteins as ubiquitin ligases contain distinct target-interaction domains. In this
thesis, it was shown that the KMD/KFB family indeed promote the degradation of PAL,
but not of the type-B response regulator ARR1 ([288], chapter 4). Moreover, the dwarfism
of KMD/KFB overexpression lines was shown not to be caused by strong cytokinin
resistance, as was previously claimed [266, 267], but instead was the result of reduced
accumulation of phenylpropanoid pathway compounds that are necessary for plant growth
[288]. This controversy is therefore resolved and this is expected to be helpful for both the
cytokinin and flavonoid research communities.
Altogether, the findings of this research point out an important major fact that needs
to be considered when developing stress tolerant plants through genetic engineering with
cytokinin related genes. Plants grown in the field are exposed to multiple stresses
simultaneously and this study shows that changes in cytokinin signaling affect plant stress
tolerances differently. These opposite effects impose limits on the cytokinin-related genetic
engineering strategies potentially used to improve crop stress tolerance. For example,
transgenes that constitutively promote cytokinin action throughout a plant are expected to
increase heat shock tolerance, but will simultaneously cause osmotic stress
hypersensitivity. Hence, fine regulation of cytokinin-related transgenes will be a better
approach to achieve more specific effects in specific plant life cycle stages and plant
organs. One strategy that has already been successfully used is to engineer transgenes that
express cytokinin-related coding regions from a promoter that is induced by a particular
stress or expressed in a particular plant organ exposed to this stress [289, 290].
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FUTURE DIRECTIONS
In this study, we showed that cytokinin induces protein synthesis by stimulating the
expression of ribosomal protein isoforms RPL4A and RPL4D. The RPL4 subunit is known
to be an essential component of ribosomes [291], and so the only way that RPL4
accumulation leads to increased protein synthesis is that this is accompanied by the
increased synthesis of other ribosomal components, resulting in increased ribosome
accumulation. In a range of studies it was indeed found that cytokinin treatments promote
the accumulation of ribosomal RNAs as well as various components of the mRNA
translation machinery, including ribosomal protein subunits [41, 43, 58].
In addition to promoting protein synthesis by upregulating the protein synthesis
machinery, cytokinin is also known to directly promote mRNA translation by promoting
the affinity of ribosomes for tRNAs [64, 65, 195]. Although cytokinins are known to affect
mRNA translation by improving the codon recognition of tRNAs, recruiting
monoribosomes to poly ribosomes and also by phosphorylating some of the ribosomal
proteins, there could be more ways yet to be uncovered [64, 72, 73, 76, 77]. One interesting
finding is that cytokinin was found to directly bind ribosomes [66, 67], and this has become
of interest again in light of recent discoveries on the role of upstream open reading frames
(uORFs) that impact the translation of the main ORF (mORF) in mRNAs [292, 293]. It
was found that the ribosomal tunnel can in some cases serve as a metabolite senser, when
a specific molecule enters it and influences the folding of the peptide encoded by a
particular uORF resulting either in stalling or promotion of translation of the downstream
mORF [294]. Collectively, these studies then justify future efforts to uncover a more
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comprehensive view of the effects of cytokinin on translation by for example performing
translatomics analyses [295].
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